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Abstract 
The thermo-kinematic evolution of the eastern Aar Massif, Swiss Alps, was investigated using peak temperature 
data estimated from Raman spectroscopy of carbonaceous material and detailed field analyses. New and compiled 
temperature-time constraints along the deformed and exhumed basement-cover contact allow us to (i) establish the 
timing of metamorphism and deformation, (ii) track long-term horizontal and vertical orogenic movements and (iii) 
assess the influence of temperature and structural inheritance on the kinematic evolution. We present a new shear 
zone map, structural cross sections and a step-wise retrodeformation. From ca. 26Ma onwards, basement-involved 
deformation started with the formation of relatively discrete NNW-directed thrusts. Peak metamorphic isograds are 
weakly deformed by these thrusts, suggesting that they initiated before or during the metamorphic peak under 
ongoing burial in the footwall to the basal Helvetic roof thrust. Subsequent peak- to post-metamorphic deformation 
was dominated by steep, mostly NNW-vergent reverse faults ( ca. 22–14 Ma). Field investigations demonstrate that 
these shear zones were steeper than 50◦ already at inception. This produced the massif-internal structural relief and 
was associated with large vertical displacements (7 km shortening vs. up to 11 km exhumation). From 14 Ma onwards, 
the eastern Aar massif exhumed “en bloc” (i.e., without significant differential massif-internal exhumation) in the 
hanging wall of frontal thrusts, which is consistent with the transition to strike-slip dominated deformation observed 
within the massif. Our results indicate 13 km shortening and 9 km exhumation between 14 Ma and present. Inherited 
normal faults were not significantly reactivated. Instead, new thrusts/reverse faults developed in the basement below 
syn-rift basins, and can be traced into overturned fold limbs in the overlying sediment, producing tight synclines and 
broad anticlines along the basement-cover contact. The sediments were not detached from their crystalline substra-
tum and formed disharmonic folds. Our results highlight decreasing rheological contrasts between (i) relatively strong 
basement and (ii) relatively weak cover units and inherited faults at higher temperature conditions. Both the timing of 
basement-involved deformation and the structural style (shear zone dip) appear to be controlled by evolving tem-
perature conditions.
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1 Introduction
Collisional mountain belts form in response to con-
vergent movements between tectonic plates and result 
from the closure and subduction of oceanic domains, 
followed by continent-continent collision. Such moun-
tain belts typically involve passive continental margins, 
including basins and normal faults inherited from pre-
orogenic extension (e.g., Beaumont et  al. 2000; Bellah-
sen et al. 2012; Butler et al. 2006; Jackson 1980; Lacombe 
and Mouthereau 2002; Lafosse et al. 2016; Lemoine et al. 
1989; Manatschal 2004; Marshak et al. 2000; Mohn et al. 
2012). In mountain belts, the structural style reflects the 
manner by which convergence is accommodated in the 
crust and lithospheric mantle of the colliding plates (e.g., 
Jammes and Huismans 2012; Mouthereau et  al. 2013). 
Principally, the tectonic deformation style depends on 
two main parameters: (i) the large-scale geodynamic 
framework and (ii) the rheology and spatial distribution 
of involved rock types (basement units and sedimentary 
cover). Structural styles are commonly described as two 
conceptual end-members. In the case of a strong and 
dense lithosphere, contractional deformation is typi-
cally restricted to a narrow décollement within the weak 
sedimentary cover (thin-skinned style, Rodgers 1949) 
whereas the underlying basement is underthrusted with-
out significant internal deformation (Burov and Yamato 
2008). A weak and buoyant lithosphere on the other hand 
favours thick-skinned deformation affecting large parts of 
the crust, which leads to basement uplift associated with 
an increased pure-shear component at the crustal scale 
(Capitanio et  al. 2010; Cloos 1993; Mouthereau et  al. 
2013). Coeval thin-skinned and thick-skinned deforma-
tion is commonly observed within different regions of the 
same mountain belt (e.g., Bauville and Schmalholz 2015; 
Nemčok et al. 2013; Pfiffner 2017).
Mouthereau et  al. (2013) demonstrated that the 
strength of the lithosphere and thus the distribution of 
strain depends to a first order on the thermotectonic age 
(i.e., the time elapsed since the last pre-orogenic rifting 
event). Another significant factor is the inherited exten-
sional passive margin structure (e.g., Lafosse et al. 2016). 
The reactivation of inherited normal faults is mainly a 
function of the steepness and orientation of the fault 
plane, the friction along the fault plane and its frictional 
strength relative to the surrounding rock mass (Bauville 
and Schmalholz 2015; Bellahsen et  al. 2012; Buiter and 
Pfiffner 2003; Buiter et al. 2009; Butler et al. 2006; Jammes 
and Huismans 2012; Lacombe and Bellahsen 2016).
The competence contrast between the relatively strong 
basement versus weak sediments and inherited faults 
may change through time. At shallow crustal levels (i.e., 
at low temperatures) this contrast is considered high 
(Lafosse et al. 2016). At higher metamorphic conditions, 
this contrast appears to decrease, which may inhibit 
the reactivation of inherited faults and the formation of 
detachments between basement and cover units (Bellah-
sen et al. 2012; Lafosse et al. 2016).
The Aar Massif (European Alps) is the easternmost and 
largest of a belt of basement domes commonly referred 
to as the External Crystalline Massifs (ECMs, e.g., Bel-
lahsen et al. 2012; Schmid et al. 2004). In these Massifs, 
basement-involved deformation in the footwall of thin-
skinned thrust sheets caused rapid and highly localised 
exhumation (e.g., Bellanger et  al. 2015; Boutoux et  al. 
2016; Fox et al. 2016; Glotzbach et al. 2010, 2011b; Her-
wegh et al. 2020; Rolland et al. 2008, 2009; Sanchez et al. 
2011; Schwartz et al. 2017; Vernon et al. 2008). The ECMs 
are therefore key places for studying (i) geodynamic pro-
cesses, (ii) the mechanical behaviour of basement and 
cover units and (iii) the role of inherited passive margin 
structures during collisional deformation.
In this study, we examine the Alpine ( ∼ 34Ma to pre-
sent) thermo-kinematic evolution of the eastern Aar 
Massif by combining detailed field analyses with the 
quantitative assessment of peak temperature ( Tp ) based 
on Raman spectroscopy on carbonaceous material 
(RSCM). The high spatial resolution of 47 new and 335 
compiled Tp data allows peak metamorphic isograds to 
be analysed in map and section view. The exposed meta-
morphic pattern and structural observations are used 
(i) to establish the relative timing of metamorphism and 
deformation and (ii) to put upper temperature bounds to 
the temperature conditions prevailing during deforma-
tion. A new kinematic scenario for the tectonic evolution 
of the eastern Aar Massif is proposed in the form of five 
line- and area-balanced scaled profile sketches, in which 
new and published temperature-time constraints high-
light the vertical component of deformation. We thereby 
especially address the following three aspects: (i) The 
Aar Massif exposes basement and cover units from sub-
greenschist facies in the north to upper greenschist facies 
in the south (e.g., Bousquet et  al. 2012; Nibourel et  al. 
2018). How did the mechanical behaviour of contrasting 
lithologies (i.e., overall granitoid basement versus calcite-
dominated cover sediments) and the overall structural 
style evolve as a function of metamorphic conditions? 
(ii) What is the present-day position and orientation of 
inherited passive margin structures such as normal faults 
and related basins? To what degree were they reactivated 
during Alpine inversion and how did they influence sub-
sequent compressional deformation? (iii) Finally, we 
assess if Alpine compressional structures were passively 
rotated into their present-day orientation or if they were 
already relatively steep at inception. This has important 
implications for the estimation of shortening vs. uplift 
ratios during compressional deformation.
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2  Geological setting and previous work
2.1  Geological overview
The Central Alps are classically viewed as the result of 
approximately NW-SE directed convergence between the 
European and the Adriatic plates, leading to the relative 
southward subduction of the Penninic ocean, followed by 
the post-35 Ma continent-continent collision (Froitzheim 
et al. 1996; Handy et al. 2010; Schmid et al. 1996, 2017). 
The Aar Massif is a WSW-ENE-trending elongate dome 
exposing the pre-Triassic basement of the European con-
tinental margin in the footwall of stacked thrust sheets 
including, in ascending order, the Helvetic, Penninic 
and Austroalpine nappes (Fig.  1, Schmid et  al. 1996). 
It is characterised by a structural relief (i.e. top base-
ment topography) increasing from an elevation of -6 km 
below the North Alpine foreland to estimated 6 km in the 
central Aar Massif over less than 20  km horizontal dis-
tance (see cross section B–B′′′ , Fig. 1c) and an associated 
increase in the exposed metamorphic grade from sub-
greenschist facies in the north to greenschist facies in the 
south (e.g., Bambauer et al. 2009; Frey and Ferreiro Mähl-
mann 1999; Herwegh et  al. 2017). The elevation of top 
basement below the North Alpine foreland is constrained 
by seismic profiles (Pfiffner et  al. 1997). In cross sec-
tion B–B′′′ , the eroded top basement surface above the 
Aar Massif was projected parallel to the mean easterly 
axial plunge of the eastern Aar Massif, which leads to 
the exposure of higher tectonic levels towards the east 
(Fig. 1, Hitz and Pfiffner 1994; Nibourel et al. 2018). The 
Aar Massif basement, together with its Carboniferous to 
Cenozoic autochthonous and allochthonous sedimentary 
cover (summarised as the Lower Helvetic), is separated 
from the overlying Helvetic nappes (Upper Helvetic) by 
the basal Helvetic thrust (Milnes and Pfiffner 1977). Pas-
sive folding and tilting of the basal Helvetic thrust indi-
cates that internal deformation of the Aar Massif mostly 
post-dates the emplacement of the Helvetic and tectoni-
cally higher nappes (Fig. 1c, see also Milnes 1974). To the 
south, the Aar Massif is bound by the Urseren-Garvera 
or the Clavaniev zones representing two major detach-
ments (Fig.  1). Both zones contain strongly deformed 
Mesozoic and Permo-Carboniferous sediments and 
especially the Clavaniev zone locally also includes base-
ment fragments (e.g., Berger et  al. 2017a; Gisler 2018). 
The sediments of the Urseren-Garvera and the Clavaniev 
zones are interpreted to represent the cover of the Got-
thard nappe and the Aar Massif, respectively, which is 
mostly based on their stratigraphic polarity (e.g., Bona-
nomi et al. 1992; Gisler 2018; Wyss 1986, Figs. 1 and 2). 
Inside the Aar Massif, Permo-Carboniferous to Cenozoic 
sediments are locally preserved in WSW-ENE-trending 
wedges, synclines or graben-related structures (e.g., Bur-
khard 1988; Berger et  al. 2016; Pfiffner 2015). The most 
prominent occurrence of massif-internal sediments is the 
Windgällen-Färnigen zone, separating the northern Aar 
Massif from the main body of the Aar Massif to the south 
(Fig.  1, Funk et  al. 1983; Gisler 2018; Heim and Heim 
1916; Kammer 1985; Labhart et  al. 2015; Morgenthaler 
1921; Schenker 1980).
The timing of burial of the Aar Massif domain below 
the advancing orogenic wedge is constrained by the 
Rupelian (34–28 Ma) age of the syn-orogenic Matt For-
mation (Lu et  al. 2018; Menkveld-Gfeller et  al. 2016) 
representing the youngest sediments to be deposited 
onto the Aar Massif domain. The age of peak metamor-
phism is estimated at ca.  22–17  Ma based on isotopic 
ages from syn-kinematic minerals and thermal consid-
erations (e.g., Berger et al. 2017b; Challandes et al. 2008; 
Rolland et al. 2009; Wehrens et al. 2017), or slightly ear-
lier (27–19 Ma) as indicated by a subset of relatively old 
but Alpine reset zircon fission track and zircon helium 
ages from the northern Aar Massif (Herwegh et al. 2020; 
Michalski and Soom 1990; Nibourel 2019; Wangenheim 
2016). Estimated convergence rates between Europe and 
Adria decreased from ∼ 13mm/year in the Oligocene to 
∼ 2mm/year during the Neogene (Schmid et  al. 1996; 
Handy et al. 2010). Basement-involved crustal thickening 
initiated at ca. 22 Ma (e.g., Challandes et al. 2008; Rolland 
et al. 2009) and caused highly localised and rapid exhu-
mation in the Aar Massif and other ECMs during the 
Neogene (e.g., Fox et  al. 2016; Fügenschuh and Schmid 
2003; Glotzbach et  al. 2010; Michalski and Soom 1990; 
Reinecker et  al. 2008; Vernon et  al. 2008, 2009). This is 
also confirmed by a significant increase in the present-
day crustal thickness from the weakly deformed North 
Alpine foreland to the Aar Massif (Pfiffner et  al. 1997; 
Rosenberg and Kissling 2013; Schmid et al. 2017; Wagner 
et al. 2012).
2.2  Structural evolution and tectonic architecture
Alpine collisional structures of the Aar Massif have 
been studied over more than one century, especially in 
the central Aar Massif (e.g., Baltzer 1880; Franks 1968a; 
Heim 1921; Kammer 1989; Labhart 1966; Milnes and 
Pfiffner 1977; Rohr 1926; Steck 1968; Wehrens et  al. 
2017). Along the Haslital transect, an early steep to sub-
vertical foliation and associated ductile shear zones with 
down-dip stretching lineations were recognised (e.g., 
Steck 1968; Wehrens et al. 2017). Based on isotopic ages 
of syn-kinematic sheet silicates (Berger et  al. 2017b; 
Challandes et al. 2008; Rolland et al. 2009) and of mon-
azites from associated Alpine clefts (Bergemann et  al. 
2017; Bergemann 2017; Janots et al. 2012; Rauchenstein-
Martinek 2014; Ricchi et al. 2019) the age of shearing was 
estimated at ∼  22–14  Ma. In the southern central Aar 
Massif, thermodynamic calculations suggest shearing 
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associated with these overprinting shear zones yield 
younger ages (14–10 Ma, Bergemann et al. 2017; Berger 
et  al. 2017b; Challandes et  al. 2008; Janots et  al. 2012; 
Pleuger et  al. 2012; Rauchenstein-Martinek 2014; Rol-













0 20 40 60 80
Horizontal distance (km)



















































        Cenozoic
        Mesozoic
        Permo-Carboniferous
Upper Helvetic
        Undifferentiated
Penninic/Austroalpine nappes
        Undifferentiated
20 km
N
Gt – Gotthard nappe
Tv – Tavetsch nappe
HN – Helvetic nappes
naf – northern Alpine front
ast – Alpine sole thrust
bht – basal Helvetic thrust
pf – Pfaffenchopf thrust
wfz – Windgällen-Färnigen zone
clz – Clavaniev zone
ugz – Urseren-Garvera zone
srf – Simplon-Rhône fault
















Fig. 1 a Simplified tectonic map of the Aar Massif (modified after Schmid et al. 2004). Traces of cross sections A–A′′′ (Susten pass), cross 
sections B–B′′′ (Reusstal), cross section C–C′ (Tödi) and the study area (red polygon) are highlighted. Inset modified after Schmid et al. (2004). b 
Stereographic projection shows poles to bedding (black dots, 227 measurements) and axes to early folds (black crosses, 8 measurements) from the 
sedimentary cover of the eastern Aar Massif (Schmidt, lower hemisphere). The mean easterly axial plunge of 070◦/10◦ (red circle, plunge-azimuth/
plunge) represents a cylindrical best fit through all poles to bedding. c Cross section B–B′′′ (in part after Brückner and Zbinden 1987; Pfiffner et al. 
2011)
at a temperature of 450 ◦C and at a pressure of 6.5 kbar 
(Challandes et  al. 2008; Goncalves et  al. 2012). Early 
ductile shear zones are reactivated and overprinted by 
oblique to dextral strike-slip retrograde shear zones. 
Syn-kinematic sheet silicates and Alpine cleft monazites 
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an array of NNW-vergent brittle-ductile thrusts (Berger 
et  al. 2017b) were active after approximately 12  Ma, 
as indicated by an age jump in zircon fission track ages 
across the zone of most intense thrusting (Herwegh et al. 
2020). Deformation in the Aar Massif and other ECMs 
is inferred to be kinematically linked to thrusting along 
the Subalpine Molasse (Boyer and Elliott 1982; Burkhard 
1990; Burkhard and Sommaruga 1998; Mock et al. 2020; 
Pfiffner et  al. 1997, 1990, 2011; von Hagke et  al. 2012), 
where thrusting initiated in the Late Oligocene (Kempf 
et  al. 1999; Schlunegger et  al. 1997) and lasted until at 
least 5 Ma (von Hagke et al. 2012). In the basement of the 
eastern Aar Massif, the distribution of strain and asso-
ciated kinematics have not been extensively studied. In 
most of the northern and eastern Aar Massif, no major 
detachments are observed between basement and cover 
units (Pfiffner 2015). In contrast, large portions of the 
sedimentary cover were sheared off the crystalline base-
ment of the southern Aar Massif and transported to the 
north during an early phase of deformation (i.e., Caves-
trau décollement and other early Lower Helvetic thrust 
sheets highlighted on Fig.  3a, b, Brückner and Zbinden 
1987; Mair et al. 2018; Pfiffner 1978).
Contrasting kinematic/geodynamic models have been 
proposed to explain the structural development of the 
Aar Massif, mainly depending on whether the main steep 
Alpine foliation and associated shear zones were inter-
preted as (i) thrusts, which were passively “back-rotated” 
in the hanging wall of younger active thrusts (Burkhard 
1988, 1999), (ii) an axial plane foliation (e.g., Burkhard 
1999; Krayenbuhl and Steck 2009; Steck 1968) mainly 
reflecting coaxial deformation (Choukroune and Gapais 
1983) or (iii) S-block up dominated shear zones accom-
modating sub-vertical tectonic movements driven by 
lower crustal delamination and buoyancy (Herwegh et al. 
2017). This is also reflected by a wide range of shorten-
ing estimates, as demonstrated by Burkhard (1999). All 
models presented in Herwegh et al. (2020) involve funda-
mental assumptions regarding the mechanical behaviour 
of basement rocks under greenschist facies conditions, 
which are, in the absence of markers in the basement 
of the central Aar Massif, difficult to constrain. Here, 
we carefully reassess the structural role of this foliation 
and investigate its steepness at inception by studying its 
geometrical relationship to inherited normal faults and 
the basement-cover contact.
2.3  Pre‑Triassic units
Polycyclic metamorphic basement units make up the 
majority of the Aar Massif (Fig.  2a). These very hetero-
geneous but mostly gneissic metamorphic rocks are of 
Late Proterozoic to Early Paleozoic age and show a dif-
ferent degree of retrograde alteration (e.g., Abrecht 1994; 
Berger et  al. 2017a; Von  Raumer et  al. 1993, and refer-
ences therein). Berger et  al. (2017a) subdivided these 
rocks into seven mostly NNW-striking zones with inter-
nally coherent characteristics. These units were intruded 
by early to post-Variscan granitoids of essentially Car-
boniferous to Permian age (see Berger et  al. 2017a, for 
a review, Fig. 2a). Late- to post-Variscan intrusives such 
as the central Aare granite only record Alpine metamor-
phism and compressional deformation structures. Plu-
tonic activity was accompanied by subaerial deposition of 
clastic and volcanoclastic sediments into isolated basins 
or graben-related structures, essentially during Carbon-
iferous and Permian times (Eugster 1951; Franks 1968a, 
b; Labhart 1977; Oberhänsli et al. 1988; Schaltegger et al. 
2003; Schenker 1987; Schenker and Abrecht 1987). These 
sediments locally contain organic carbon, making them 
suitable target lithologies for RSCM analysis.
2.4  Mesozoic to Cenozoic sedimentary cover and passive 
margin evolution
The pre-Triassic units described above, in this study 
summarised as basement, are covered by a up to 1000 
m thick Mesozoic carbonate shelf sequence consisting 
mainly of limestones with minor dolomites, marls, shales 
and sandstones deposited during the development of the 
European continental margin (Heim 1921; Pfiffner et al. 
2011; Rohr 1926; Trümpy et  al. 1980). In the following, 
we describe the most important lithostratigraphic units 
of the Lower Helvetic sequence (Fig. 2b, http://www.strat 
i.ch). Mesozoic sedimentation initiated with the deposi-
tion of a transgressive basal sandstone or conglomerate 
(Mels Formation) onto the crystalline basement (e.g., 
Gisler et al. 2007). These deposits are covered by the Röti 
Formation consisting mostly of massive dolomite. In the 
absence of the Upper Triassic Quarten Formation and 
the entire Lower Jurassic sequence, the dolomites are 
Fig. 2 a Geological map of the Aar Massif (modified after Berger et al. 2016) showing the simplified pattern of major (thickness > 20m ) and 
minor (2–20 m) Alpine basement shear zones and associated synclines in the cover units (partly modified from Baumberger 2015; Pfiffner 1978). 
See Fig. 1a for location of map. HN—Helvetic nappes; bht—basal Helvetic thrust; pf—Pfaffenchopf thrust; wfz—Windgällen-Färnigen zone; tz—
Tödi zone; fl—Frisal line; cd—Cavestrau décollement; clz—Clavaniev zone; ugz—Urseren-Garvera zone. We subdivide the study area into four 
subregions I–IV: I—northern Aar Massif; IIA—Windgällen area; IIB—Färnigen area; IIIA—Tödi area; IIIB—Göscheneralp area; IV—southern Aar Massif. 
b Summarised stratigraphic column of the eastern Aar Massif (modified after Gautschi et al. 2008; Pfiffner 2015)
(See figure on next page.)
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often covered by the Middle Jurassic dark shales, marls, 
silicious limestones and sandstones (Bommerstein and 
Reischiben Formations, Dollfus 1965). The fine-grained 
limestones of the Upper Jurassic (Schilt and Quinten 
Formations) are the most prominent units of the Lower 
Helvetic stratigraphy. In the eastern Aar Massif, the 
Cretaceous sediments, mostly comprising limestones, 
siliceous limestones, marls and sandstones, were partly 
eroded during a phase of pre-Eocene exposure (Pfiffner 
et  al. 2011). The transition to the Cenozoic is marked 
by a large hiatus, as also highlighted by the infilling of 
weathering products into karst pockets of the Upper 
Cretaceous to Upper Jurassic limestones (i.e. depend-
ing on the level of erosion), also known as “Siderolithic” 
(Herb 1983). The Cenozoic sequence is mainly character-
ised by sedimentation of syn-orogenic clastic sediments 
Fig. 3 Three stacked cross sections through the eastern Aar Massif. Section traces are shown on Fig. 1a. ELHTS — Early Lower Helvetic thrust 
sheets. Legend and abbreviations as in Fig. 1a. a Section A′–A′′ is adapted from Nibourel et al. (2018). Coordinates: A′ 46.8492◦N/8.4274◦E , 
A′′ 46.5916◦N/8.5181◦E ; Projection parallel to the fold axes: 070◦/10◦ (plunge-azimuth/plunge). b Section B′-B′′ is in part after Brückner and 
Zbinden (1987) and Pfiffner et al. (2011). Coordinates: B′ 46.92282◦N/8.71097◦ E, B′′ 46.64687◦N/8.77070◦E .; Projection parallel to the fold axes: 
070
◦/14◦ (plunge-azimuth/plunge). c Section C–C′ is modified from Böhm (1986). Coordinates: C 46.8900◦N/8.9010◦E , C′ 46.6627◦N/8.9047◦E ; 
Section trace C–C′ additionally runs through the mountain tops of Tödi: 46.8112◦E/8.9148◦N , Stoc Grond: 46.8003◦E/8.9143◦N and Stoc Pign: 
46.7862
◦
E/8.9072◦N . Projection parallel to the fold axes: 065◦/10◦ (plunge-azimuth/plunge)
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(Dielforder et  al. 2015, 2016; Kempf and Pfiffner 2004; 
Lihou and Allen 1996; Lihou 1996a, b; Pfiffner et al. 2011; 
Pfiffner 2015).
Stratigraphic and structural observations (i.e., lateral 
thickness and facies variations, syn-sedimentary normal 
faulting) indicate different pulses of rift-related normal 
faulting starting mainly in the Early Jurassic (e.g., Pfiffner 
1993; Trümpy et al. 1980). In the Helvetic nappes, contin-
ued rifting during the Cretaceous and possibly even the 
Cenozoic is documented (e.g., Cardello and Mancktelow 
2014; Hänni and Pfiffner 2001; Kempf and Pfiffner 2004; 
Pfiffner 2015). Mostly S-vergent normal faults and related 
grabens or half-grabens separated basement blocks such 
as the Gastern Massif and the Aar Massif (Burkhard 
1988; Herwegh and Pfiffner 2005) as well as the Aar Mas-
sif and the Gotthard nappe (Trümpy et al. 1980) already 
during the passive margin evolution. The footwall blocks 
to these normal faults were uplifted and exposed, as indi-
cated by the absence of Early Jurassic sediments in the 
Aar Massif domain (i.e. “Alemannisches Land”, Pfiffner 
2015). The position and role of inherited normal faults 
during the development of the eastern Aar Massif has not 
been previously studied.
2.5  Existing constraints on the grade of Alpine 
metamorphism
The general metamorphic pattern is well mapped in the 
Central Alps by the presence or absence of key index 
minerals or assemblages (e.g., Bousquet et al. 2008; Frey 
and Ferreiro  Mählmann 1999; Niggli and Niggli 1965), 
fluid inclusion compositions (Frey 1980) as well as illite 
crystallinity (Breitschmid 1982; Rahn et al. 1995). In the 
Lower Helvetic, there is a general increase in metamor-
phic grade from sub-greenschist facies in the north to 
greenschist facies in the south. A metamorphic disconti-
nuity is observed across the basal Helvetic thrust, where 
the metamorphic grade increases from the footwall 
(Lower Helvetic) to the hanging wall (Upper Helvetic, 
Breitschmid 1982; Ebert et al. 2008; Herwegh and Pfiffner 
2005). In the northern and eastern Aar Massif, the exact 
pattern of metamorphism is not completely resolved. 
This is mainly due to the presence of polycyclic metamor-
phic units and the difficulty in distinguishing between 
different metamorphic cycles in these rocks (e.g., Berger 
et  al. 2017a). Alpine metamorphism was investigated 
based on the transition from microcline to sanidine dur-
ing Alpine deformation (Bambauer et  al. 2005), or by 
mapping the onset of dynamic quartz recrystallization 
(Bambauer et  al. 2009). Frey et  al. (1976) mapped the 
Alpine biotite-in isograd, which is located south of the 
Windgällen-Färnigen zone and continues to the Tödi 
area. Thermo-barometric data on syn-kinematic peak 
metamorphic mineral assemblages (Challandes et  al. 
2008; Goncalves et  al. 2012) and fluid inclusions (Frey 
1980; Schenker 1980) confirm the general north-south 
increase of metamorphic grade from ca. 250 ◦C  /  1.3–
2.5  kbar in the north to more than 450 ◦C/6.5  kbar in 
the south. More recently, peak temperature conditions 
were quantitatively estimated using RSCM (Berger et al. 
2020; Beyssac et al. 2002; Erne 2014; Girault et al. 2020; 
Hafner 2016; Lahfid et al. 2010; Mair et al. 2018; Nibourel 
et al. 2018; Negro et al. 2013; Wiederkehr et al. 2011) and 
calcite-graphite or calcite-dolomite thermometry (Her-
wegh and Pfiffner 2005). These studies mostly focused on 
the western Aar Massif, the Urseren-Garvera zone, the 
Glarus area or the Penninics. The metamorphic pattern 
of the northern and eastern Aar Massif was so far only 
partly constrained.
3  Approach and methodology
3.1  Field work, fault zone map and cross sections
We mapped Alpine fault zones along three massif-per-
pendicular transects, approximately following cross sec-
tions A–A′′′, B–B′′′ and C–C′ (Fig.  1a). Between these 
transects, the lateral continuation of shear zones was 
estimated based on remote sensing data (high-resolution 
aerial-photography and digital elevation models), closely 
following the procedure described by Baumberger (2015). 
Published and unpublished geological information from 
maps, cross sections and tunnel data were compiled to 
complement and compare with our results (see Table S1 
in Additional file 1 for a complete list of sources).
A compiled geological map covering the entire Aar Mas-
sif (Berger et  al. 2016) and the Helvetic nappes (Pfiffner 
et al. 2011) was used as a basis for both the shear zone map 
and the cross sections. The shear zone map presented in 
Fig. 2a builds on published shear zone maps from the cen-
tral Aar Massif (Baumberger 2015; Herwegh et  al. 2020; 
Rolland et al. 2009; Steck 1968; Wehrens et al. 2017).
Cross section A′–A′′ (Fig. 3c) and associated references 
are presented in Nibourel et  al. (2018). In cross section 
B–B′′′ (Fig.  1) and its close-up view B′–B′′ shown on 
Fig. 3b), the Helvetic and Penninic nappes were adapted 
from existing cross sections (e.g., Brückner and Zbinden 
1987; Pfiffner 1993, 2011). The position and orientation 
of basement shear zones are based on unpublished geo-
logical reports related to the nearby Gotthard NEAT tun-
nel, detailed field maps (Ambühl et  al. 2008; Brückner 
and Zbinden 1987) as well as on our own observations. 
Cross section C–C′ (Fig. 3a) is partly redrawn after Böhm 
(1986). Based on our field observations, we included 
structural details regarding inherited normal faults and 
adapted the position and orientation of Alpine shear 
zones. The geometries of the Punteglias and Trun sub-
massifs and the overturned Cavestrau nappe are adapted 
from Käch (1972), Pfiffner (1978) and Pfiffner (1993). 
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The geometry of the Lower Helvetic thrust-slices and the 
Upper Helvetic nappes in the north are based on the pro-
jection of geological surface data from published geologi-
cal (Berger et al. 2016) and tectonic (Pfiffner et al. 2011) 
maps (see Table S1 in Additional file 1).
Top basement and higher tectonic units were projected 
into the cross sections parallel to the regional easterly 
axial plunge of the eastern Aar Massif (the mean value for 
the study area is estimated at 070◦/10◦ (plunge-azimuth/
plunge), Fig. 1b). Detailed projection information is given 
in the caption to Fig. 3. The same projection was used to 
project Tp data into the cross sections. Such a projection 
assumes a cylindrical geometry. This is certainly an over-
simplification and thus associated with some uncertain-
ties, especially in the case of section A′–A′′ (Fig. 1c), in 
which the basement-cover contact is projected over hori-
zontal distances larger than 25 km. Owing to structural 
complexities (i.e., non-cylindricity), a few (< 10%) sample 
positions had to be adjusted by a maximum of 200 m. 
Adjustments were made to ensure that all data points are 
located within the correct stratigraphic unit and prior to 
the calculation of paleo-isotemperature contour lines, so 
they do not significantly influence the resulting tempera-
ture pattern and our interpretation.
Recognising Alpine compressional structures in the 
polycyclic metamorphic basement is very challenging. 
This is mainly due to the presence of pre-Alpine folia-
tions and deformation structures, which were possibly 
active under pre-Alpine metamorphic conditions simi-
lar to those during Alpine deformation. An Alpine age of 
deformation is indicated if shear zones propagate from 
the polycyclic metamorphic basement into the Mesozoic 
cover or into mono-metamorphic late- or post-Variscan 
magmatic rocks. The basement-cover contact provides 
an excellent marker allowing us (i) to quantify absolute 
displacements and (ii) to independently constrain the 
overall kinematics of basement shear zones. This is a sig-
nificant advantage with respect to the central Aar Massif, 
where the basement-cover contact is mostly eroded.
3.2  RSCM analysis
RSCM estimates the metamorphic peak temperature ( Tp ) 
by quantifying the crystallinity of carbonaceous material 
in metasedimentary rocks, independently of diagnostic 
mineral assemblages and the extent of retrograde altera-
tion (e.g., Beyssac et  al. 2002; Lahfid et  al. 2010). The 
method is based on the temperature-dependent increase 
of structural organization in organic matter towards the 
graphite high-temperature end-member (Beyssac et  al. 
2002). RSCM measurements were performed in  situ on 
uncovered and polished thin sections at the Raman Lab-
oratory of the Institute of Geological Sciences (Univer-
sity of Bern). The lab used is equipped with an Olympus 
BX41100x confocal microscope, a Peltier-cooled CCD 
detector (Andor Technology) and an air-cooled Nd-YAG 
laser (Compass 315 M, coherent, 20 mW) having a beam 
spot of approximately 1µm diameter and a wavelength 
of 532.12  nm. The software LabSpec 4.14 of HORIBA 
Jobin-Yvon was used to start the measurements. A silicon 
standard was measured to check both calibration and 
signal intensity at the start of each session. Acquisition 
time varied between 20 and 120 seconds, depending on 
the signal to noise ratio. In order to avoid artefacts, the 
signal was accumulated over two to four accumulation 
cycles. Raman spectra were acquired between 500 and 
2200 cm−1 to insure that both, base line and all necessary 
first order Raman bands could be recognised (Tuinstra 
and Koenig 1970). Between 10 to 63 individual spots per 
sample were analysed, depending on (i) the availability of 
suitable graphitic particles and (ii) on the range of spectra 
observed during the first 10 measurements.
Thin sections were prepared and analysed accord-
ing to the procedure described in Lünsdorf et al. (2014). 
RSCM measurements can be affected by several analyti-
cal mismatches. Therefore, we closely followed the ana-
lytical procedure described in Beyssac et  al. (2002) and 
Beyssac and Lazzeri (2012). An automated, randomised 
and iterative curve-fitting approach (Lünsdorf et al. 2014; 
Lünsdorf and Lünsdorf 2016) was applied, which is based 
on a Tp calibration described in Lünsdorf et  al. (2017). 
This calibration is sensitive in a temperature field from 
240 to 600 ◦C . Calibration-related absolute errors are in 
the order of ± 40 ◦C . The performance of the automated 
curve-fitting was quality-checked for each spectrum. 
Insufficiently fitted spectra were discarded. The tempera-
ture distribution of each sample was assessed individu-
ally (see Tp histograms on Figures  S1-S4 in Additional 
file 1). In samples for which individual Tp measurements 
were distributed normally around one central peak, the 
mean temperature value was plotted (see also Table  S2, 
Figures  S1-S4, Additional file  1). In many of these sam-
ples, narrow sample-internal distributions and equivalent 
estimates in neighbouring samples indicate that relative 
Tp differences can be resolved down to ± 20 ◦C (Nibourel 
et  al. 2018). Some samples yielded broad, bimodal or 
more complex Tp distributions. In such samples, higher 
temperature estimates might be due to the presence of 
detrital higher metamorphic graphite (e.g., Galy et  al. 
2008) or indicate partly increased structural ordering of 
the carbonaceous material due to aseismic shear (e.g., 
Kedar et  al. 2020). In both cases, the lowest local Tp 
maximum is most likely to represent Alpine peak meta-
morphism. At the presence of bimodal Tp signals or high-
temperature outliers, we therefore interpreted the local 
maximum with the lowest temperature to reflect Alpine 
peak metamorphism. Such samples are highlighted by 
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one asterisk in Additional file  1: Table  S2 and on Fig-
ures  S1-S4. This procedure is also justified by relatively 
good agreement with neighbouring less complex sam-
ples. To avoid potential effects of shear heating and/or 
strain (e.g., Barzoi 2015; Kedar et al. 2020; Kirilova et al. 
2018; Kuo et  al. 2017), we measured weakly deformed 
samples whenever possible.
Our sampling mainly focused on the parautochthonous 
sedimentary cover of the Aar Massif. In the absence of 
major detachments between basement and cover units, 
Tp measurements from the cover should represent a 
lower bound for the maximum temperature reached in 
the underlying basement. Samples include silicate-dom-
inated clastic sediments and calcite-dominated metasedi-
ments of Carboniferous to Cenozoic age (see Table  S2, 
Additional file  1). In order to reduce the potential bias 
related to variations in the types of carbonaceous mate-
rial in different stratigraphic units, we sampled the dark 
shales of the Middle Jurassic (Mols Member) whenever 
possible.
4  Field data
The Aar Massif region has a complex and polyphase 
deformation history (e.g., Krayenbuhl and Steck 2009; 
Steck 1968; Wehrens et  al. 2017). We start by present-
ing a new shear zone map of the eastern Aar Massif and 
three updated cross sections. We then describe the over-
all structural framework subdivided into five deformation 
phases D1 to D5. This numbering reflects the relative 
chronology based on overprinting relationships and geo-
metrical arguments and is not necessarily meant to define 
discrete phases associated with changing kinematics.
4.1  Shear zone map
Our shear zone map (Fig. 2a) highlights a heterogeneous 
distribution of Alpine strain in the crystalline basement. 
Strain is localised along a network of mostly ductile 
ENE to E trending anastomosing shear zones. Basement 
shear zones can be traced into pinched “synclines” at 
the basement-cover contact. The position of remotely 
sensed shear zones was only partly verified in the field. 
Significant uncertainties are to be expected at a large dis-
tance from the basement-cover contact and with increas-
ing distance from the mapped transects (cross sections 
A–A′′′, B–B′′′ and C–C′, Fig. 1a), especially in the poly-
cyclic metamorphic basement units. In the southeastern 
Aar Massif region, the pattern of Alpine shear zones is 
poorly constrained. This is partly due to poor outcrop 
conditions in the area, but also due to the scarcity of pub-
lished and own structural observations. A more detailed 
shear zone map including field measurements and a reli-
ability assignment can be found in Nibourel (2019).
4.2  Cross sections
Three cross sections (A′–A′′, B′–B′′ and C–C′) are shown 
on Fig.  3, in descending structural order from east to 
west. The main Alpine shear zones and associated folia-
tions are coloured after deformation phase D1 to D4. The 
estimated maximum elevation of top basement increases 
from ca. 3 km in the east (cross section C–C′, Fig. 3a) to 
8 km in the west (cross section A′–A′′, Fig. 3c), which is 
consistent with an increasingly steep north-northwesterly 
dip of top basement at the northern massif front from 
east to west. This corresponds to an eroded thickness of 
up to 5 km of Aar Massif basement above the present-day 
topography, which is significantly more than previously 
estimated (Pfiffner et al. 2011). A rather high eroded top 
basement elevation above the Aar Massif is also indicated 
(i) by a gradual E-W increase in massif width (in oro-
gen-perpendicular direction) (ii) and by an along-strike 
increase of the exposed metamorphic grade towards the 
centre of the Aar Massif (e.g., Nibourel et al. 2018). How-
ever, it has to be expected that the easterly axial plunge 
of top basement decreases towards its culmination point 
situated in the central Aar Massif. Therefore, the projec-
tion parallel to the overall regional fold axis used in this 
study might somewhat overestimate the elevation of top 
basement, especially in cross section A′–A′′ (Fig.  3). In 
contrast, in the top basement topography map shown by 
Pfiffner et al. (2011), top basement is placed right above 
the highest peaks of the Aar Massif. Based on the above 
considerations, this is likely to underestimate the true 
elevation of the eroded top basement horizon.
4.3  Structural observations and interpretation
In the following, structural observations related to D1 
to D5, including pre-collisional inherited structures, 
are described from north to south and shown in ste-
reographic projections (Schmidt net, lower hemisphere, 
Figs.  4, 5, 6, 7 and 8). Where necessary, structural data 
were subdivided into structurally consistent subregions 
(Fig. 2a). Table 1 shows an attempt to correlate D1 to D5, 
as used in this study, with previously described deforma-
tion phases west (Burkhard 1988; Herwegh et  al. 2020; 
Labhart 1966; Mair et al. 2018; Rolland et al. 2009; Steck 
1968; Wehrens et al. 2017), east (Funk et al. 1983; Milnes 
and Pfiffner 1977) and south (Wyss 1986) of the study 
area. A table containing all field measurements is avail-
able in Nibourel (2019). Thermochronology data indicate 
that the timing of collisional deformation along the strike 
of the Aar Massif was diachronous (Nibourel 2019). 
Correlating deformation phases is therefore difficult, 
especially along the strike of the massif. The correlation 
shown on Table  1 is mainly based on fault kinematics, 
strike, dip and overprinting relationships. Indications for 
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the metamorphic grade during deformation, such as syn-
kinematic index minerals, were also considered. Pre-D1 
deformation phases in more internal units such as the 
Upper Helvetic (e.g., Milnes and Pfiffner 1977) and the 
Penninic (e.g., Steck 1984; Wiederkehr et al. 2008) nappes 
are not considered here (Fig. 3a, b).
Inherited pre-Alpine structures
poles to Variscan or older foliations poles to late-Variscan dikes
n=118 n=73
poles to inherited normal faults (n=5)
stretching lineations (crosses, n=4)
N N N
Fig. 4 Structural data related to inherited pre-collisional structures (Schmidt, lower hemisphere). n: number of measurements
Fig. 5 Structural data related to D1 and D2. Stereographic projections of poles to foliations, lineations and fold axes are given for each subregion. n: 
number of measurements. Where appropriate, the projections are coded for lithologies (see legend)
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4.3.1  Inherited pre‑collisional structures
Pre-Alpine foliations are often preserved, especially in 
the northern Aar Massif (i.e., subregion I on Fig.  2a, 
Lehmann 2008). They are mostly steep to sub-vertical, 
show a large variation in strike from the mean strike of 
160◦ (Fig.  4) and often form a high angle to the overly-
ing basal Mesozoic strata. Basic and felsic dykes are 
widespread in the crystalline basement and were com-
monly reactivated as shear zones during subsequent 
Alpine deformation (Schneeberger et  al. 2017, 2018; 
Wehrens et al. 2016, 2017). They are mostly steep to sub-
vertical and show a large variation in strike (Fig.  4). A 
number of inherited normal faults were identified. The 




axes to minor D3 folds (n=8)
mode 1 extensional veins (n=9)
foliation (n=121)
stretching lineations (n=50)
axes to minor D3 folds  (n=8)
foliation (n=46)
stretching lineations (n=12)
axes to minor D3 folds  (n=21)
mode 1 extensional veins (n=23)
stretching lineations (n=2)




axes to minor D3 folds  (n=4)
foliation (n=85)
stretching lineations (n=29)














mode 1 extensional vein
Fig. 14Aa
Fig. 14Bb Fig. 14C/Dc/d
Fig. 14Ee
Fig. 14F/G















Fig. 6 Structural data related to D3. For each subregion stereographic projections of poles to planes, lineations and fold axes are given. n: number 
of measurements. Where appropriate, the projections are coded for lithologies (see legend)
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and the Tödi normal faults (Fig. 3a). Both normal faults 
dip to the SSE with angles between 65 and 80◦ . Associ-
ated half-graben geometries can still be recognised.
4.3.2  D1 structures
The first discernible Alpine deformation structure is a 
cleavage (S1). S1 is only preserved in parautochthonous 
limestones or marls, especially in the north of the Aar 
Massif, where it was weakly overprinted by subsequent 
deformation. S1 is sub-parallel to the bedding (S0) of the 
strata and mostly strikes WSW-ENE, with a large vari-
ation in the dip angle (Fig. 5). Where preserved, associ-
ated stretching lineations trend NW-SE (Fig.  5). In the 
basement, no structures related to D1 shearing were 
D4 structures
top-to-NW shear zones (n=21)
stretching lineations (n=14)






top-to-NW shear zones (n=15)
stretching lineations (n=14)
axes to minor folds (n=2)
I
top-to-NW shear zones (n=19)
stretching lineations (n=8)
top-to-NW shear zones (n=6)
IIAIIB
E-up to sinistral shear zones (n=4)
stretching lineations (n=4) S-up to dextral shear zones (n=29)
stretching lineations (n=29)
sinistral shear zones (n=1)
stretching lineations (n=1)




axes to minor folds (n=7)
S-up to dextral shear zones (n=17)
stretching lineations (n=8)
subregions III and IV
mode 1 extensional veins (n=9)




N N N N
N
N N NN




















mode 1 extensional vein
Fig. 9d
Fig. 15cFig. 15d
Fig. 7 Structural data related to D4. For each subregion stereographic projections of poles to planes, lineations and fold axes are given. n: number 
of measurements. Where appropriate, the projections are coded for lithologies (see legend)
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recognised. D1 is presumably related to the burial of the 
Aar Massif domain in the footwall to the Helvetic nappes 
or to the emplacement of the early Lower Helvetic thrust 
sheets (i.e., Cavestrau phase, Käch 1972; Pfiffner 1978, 
see Cavestrau décollement and other early Lower Hel-
vetic thrust sheets (ELHTS) on cross sections C–C′ and 
B′–B′′, Fig. 3a, b, see also Table 1).
4.3.3  D2 structures
D2 is mainly characterised by NNW-directed shear-
ing affecting both basement and cover units (Fig. 5). D2 
structures are only preserved in the northern Aar Massif 
and along the Windgällen-Färnigen zone. The relation-
ship to overprinting structures is best established along 
the Windgällen-Färnigen zone (Fig.  5, subregion II). 
Fig. 8 Stereographic projection of late brittle faults and post-foliation late mode 1 extensional calcite veins (cover units only). n: number of 
measurements
Table 1 Attempt to correlate deformation phases D1 to D5 from this study with previous work (Burkhard 1988; Brückner 
and Zbinden 1987; Funk et al. 1983; Pfiffner 2015; Milnes and Pfiffner 1977; Rolland et al. 2009; Schenker 1980; Wehrens 
et al. 2017; Wyss 1986)
Domain References Deformation phases
 Eastern Aar Massif This study D1 D2 D3 D4 D5










Windgällen phase Schwarzstöckli phase – –
Milnes and Pfiffner 
(1977)
Cavestrau phase? Calanda phase? Calanda phase? Ruchi 
phase
– –
 Central Aar Massif Wehrens et al. (2017), 
Herwegh et al. 
(2020)




Rolland et al. (2009) – – Stage 1 stage 2, stage 3? Stage 3?
Burkhard (1988), 
Pfiffner (2015)
Kiental phase? Kiental phase Grindelwad phase Grindelwad phase –
Urseren-Garvera zone Wyss (1986) D1 D2 D3 Post-D3 –
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South of the Windgällen-Färnigen zone, D2 structures 
are mostly obliterated by subsequent deformation.
In the northern Aar Massif, sub-horizontal to gently 
NNW-dipping brittle-ductile D2 faults (in the follow-
ing also referred to as S2) dissect the crystalline base-
ment and its sedimentary cover (Fig.  3, section A′–A′′, 
Fig.  5, subregion I). The kinematics are consistently 
top-to-the-NNW, as indicated by offsets along the base-
ment-cover contact (Fig. 9a) or by calcite, quartz or chlo-
rite slickenfibres on fault surfaces. S2 intersects the basal 
Triassic strata at a low angle ( 10◦ − 25◦ , Fig.  9a). Dis-
placements are in the order of sub-centimetres to several 
kilometres. Arrays of D2 faults lead to fold-like geom-








































Fig. 9 a Early N-dipping NNW-vergent thrust (S2, coordinates: 46.7833◦N/8.4474◦E , see Fig. 3c for location). b Steep SE-dipping spaced crenulation 
cleavage S3 in the Middle Jurassic limestones, overprinting a pronounced S0–S2 composite foliation (coordinates: 46.6523◦N/8.1714◦E , see 
Fig. 3c for location). c Steep main foliation (S3) in both Triassic marly beds (left) and their crystalline substratum (right). The sub-vertical orientation 
of the stratigraphic contact indicates significant SSE-block up movements along S3 (coordinates: 46.7587◦N/8.4027◦E , see Fig. 3c for location). 
(d) Sketch of an array of post-S3 NNW-vergent thrusts (S4) at the basement-cover interface near Erstfeld (coordinates: 46.8409◦N/8.6264◦E , see 
Figs. 3d and 7 for location). e (left) Structural measurements related to NNW-vergent shearing during D2–D4. Poles to fault planes (circles) and 
associated stretching lineations (crosses) are highlighted. (right) Schematic sketch illustrating the geometric relationship between S2 and S4 at the 
basement-cover contact during progressive deformation and block rotation associated with S3 at the northern massif front
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stratigraphy in the upper limb of tight synclines (Fig. 9a). 
In the calcite-dominated Jurassic strata, S2 forms a duc-
tile foliation and tight to isoclinal asymmetric folds.
NNW-dipping D2 faults appear to be restricted to 
the northern massif front, where top basement dips 
30◦ (cross section B′–B′′, Fig.  3b) to 40◦ (cross section 
A′–A′′, Fig. 3c) NNW. We interpret these faults as early 
thrusts, which were passively rotated from originally 
south-southeasterly dip to their present day NNW-
dipping orientation, as sketched on Fig. 9e. S2 is locally 
overprinted by a significantly steeper crenulation cleav-
age S3 (Fig. 9b). This relationship is best observed along 
the Windgällen-Färnigen zone, in which D2 and D3 were 
previously described as Windgällen and Schwarzstöckli 
phases (Figs.  10 and 11, Brückner and Zbinden 1987; 
Funk et al. 1983). Labhart (1966) described an early folia-
tion with very similar characteristics in the limestone-
dominated sediments associated with the Pfaffenchopf 
thrust (Fig. 3c).
A second minor set of discrete sub-vertical to steeply 
SSE dipping brittle-ductile faults, which is always associ-
ated with a N-block up sense of shear, is also attributed to 
D2. It possibly forms a conjugate set with the sub-hori-
zontal faults described above. The two sets of faults inter-
sect at a mean angle of 80◦ (Fig. 5).
The Windgällen-Färnigen zone represents the most 
prominent D2 structure of the study area (see Fig. 3b, c 
and close-up view on Fig.  10a). In the Windgällen area 
(Region IIA on Fig.  5), Carboniferous-Permian volcanic 
and volcanoclastic rocks form the core of a kilometre-
scale NW-verging recumbent anticline, also known as the 
Windgällen anticline (Figs.  10  and 11, Funk et  al. 1983; 
Ramsay et al. 1983; Schenker 1980; Spillmann 2011). The 
Windgällen anticline is underlain by a pinched syncline 
containing Mesozoic to Cenozoic strata. The dominant 
structural element along the Windgällen-Färnigen zone is 
a lower greenschist facies axial plane cleavage S2 affecting 
both basement and cover units (Fig. 5). It is most tightly 
spaced along the lower overturned limb of the Windgäl-
len anticline and can be traced into a steeply SSE dipping 
decametre-wide basement shear zone (Fig. 10a, see Baker 
1964; Funk et al. 1983; Heim 1887; Tan 1969, 1976, for a 
quantitative assessment of strain). Axes to minor D2 folds 
plunge to the ENE with an angle of 5◦ − 15◦ . We interpret 
the easterly plunge of D2 fold axes to reflect passive tilt-
ing during the subsequent development of the Aar Mas-
sif dome. Figure 10B shows S2 overprinting earlier planar 
fabrics (i.e., a composite foliation S0-S1 in Middle Juras-
sic strata). S2 is associated with a well-developed mineral 
stretching lineation L2, which trends NW-SE (Fig.  5). 
Northwest-directed shearing is indicated (i) by outcrop 
scale shear sense criteria (see Fig.  11f for an example), 
(ii) the vergence of D2 folds and (iii) by displacements up 
to 5 km recorded along top basement (Fig. 3b, c). In the 
Windgällen region (Fig. 5, subregion IIA), S2 is sub-hor-
izontal to moderately north-dipping. Towards the south 
and towards the west, S2 bends into a progressively steep 
SSE dip (Fig.  5, subregion IIB, Fig.  10a–d). This large 
variation in orientation might be (i) due to subsequent 
deformation, especially during D3 (see below) and/or (ii) 
partly reflect a ramp-flat geometry.
Similar observations of southward steepening early 
foliations and sediment wedges are known from the 
Doldenhorn (Burkhard 1988; Krayenbuhl and Steck 2009; 
Mair et al. 2018) and Morcles nappes (Ramsay et al. 1983) 
in the Central and Western Alps (i.e., Kiental phase in 
Table 1, Burkhard 1988; Mair et al. 2018; Pfiffner 2015). 
Furthermore, D2 structures appear to correlate with what 
is referred to as Calanda phase in the Lower Helvetic east 
of the study area (Milnes and Pfiffner 1977).
4.3.4  D3 structures
D3 is mainly characterised as a well-developed greenschist 
facies schistosity S3, which is associated with heteroge-
neously distributed ductile shearing affecting basement 
and cover units. Overall, D3 structures are the dominant 
structural element in the study area. The intensity of S3 
increases from north to south (Fig. 3). In the northern Aar 
Massif (Fig.  6, subregion I), S3 is weakly developed and 
often reactivates pre-existing Variscan or older foliations, 
which here represent the dominant fabric.
South of the Windgällen-Färnigen zone (Fig.  6, sub-
region IIIA/B, IV), S3 dominates the structural appear-
ance (Fig.  3). Although S3 is ubiquitous throughout the 
study area, a concentration of strain on up to decame-
tre wide shear zones can be observed (Figs. 3,  9, 10, 11, 
12, 13, 14 and 15). S3 strikes ESE-WNW (sub-parallel 
to the Aar Massif ) and always steeper than the earlier 
Alpine foliations. Its dip increases from a mean value of 
60◦ SSE in the northern Aar Massif to a mean value of 
80◦ NNW in the southern Aar Massif, so that the result-
ing overall geometry in section view is an upright fan 
(Figs. 3c, 6 and 14a, b). S3 is associated with a down-dip 
stretching lineation (L3). In the basement, D3 forms a 
dense network of anastomosing shear zones (Fig. 2a) and 
sigmoidal bodies with lower strain (Fig.  14a–f). Indica-
tions for both NNW-block-up or SSE-block-up kinemat-
ics were observed (in agreement with Wehrens et  al. 
2017). However, D3 shear zones appear to be dominated 
by a SSE-block up/reverse sense of shear overall, which 
is confirmed by observed displacements along the base-
ment-cover contact (Figs.  12,  13 and   14a–e). Close to 
the southern Aar Massif boundary (Fig. 6, subregion IV), 
we observed a shift to dominantly N-block up kinemat-
ics (Figs. 3 and 15a, b). In the limestone-dominated cover 
units, S3 represents the axial plane foliation to D3 folds 





































Fig. 10 a Close-up view of section B′–B′′ (see Fig. 3 for location) showing the Windgällen fold-and-thrust structure. Legend as on Figure 1. 
Schematic sketches highlight the crosscutting relationships for the three main tectonic foliations S2 to S4 as well as overall changes in their relative 
spacing at different positions of the structure. b Well-developed sub-horizontal axial foliation cleavage S2 in Middle Jurassic strata (coordinates: 
46.8015
◦
N/8.8267◦E ). c Close-up view of Fig. 5b showing a weakly developed steeper crenulation cleavage (S3) overprinting S0–S2. d Middle 
Jurassic siliceous limestone with a pronounced S3 crenulation cleavage overprinting the still dominating S0–S2 composite foliation (coordinates: 
46.7982
◦
N/8.7441◦E ). e Basement shear zone in the Windgällen-Färnigen zone. A steep main foliation (S1–S3 composite) is overprinted by discrete 
top-to-the NNW shear bands (S4) (coordinates: 46.7191◦N/8.4630◦E)
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at various scales and often forms a crenulation cleavage 
(Figs.  3, 9b and 10c, d). Axes to minor D3 folds plunge 
ENE with a mean angle of 5◦ (Fig. 6). This indicates minor 
tilting in along-strike direction after D3.
D3 shear zones are characterised by an increased sheet 
silicate content (white mica, chlorite, biotite) and by a 
substantial reduction in grain size (see also, Challandes 
et  al. 2008; Goncalves et  al. 2012; Wehrens et  al. 2017). 
Fig.  14c–e shows the often gradual evolution from a 
weakly deformed protomylonite (Fig. 14c) into a strongly 
foliated mylonite (Fig.  14d) and finally into an ultra-
mylonite, which is strongly enriched in sheet silicates 
(phyllonite, Fig.  14e). South of the Windgällen-Färnigen 
zone, the presence of newly formed or recrystallised syn-
kinematic biotite and quartz grains indicate that ductile 
shearing took place at biotite-stable greenschist facies, 
and thus near peak metamorphic conditions (Fig. 14d, e).
D3 shearing is often associated with the formation of 
mostly quartz-filled mode 1 extensional veins (Fig.  6, 
see also Steck 1968). Locally, syn-kinematic D3 veins are 
partly or completely transposed into the S3 plane during 
progressive shearing.
The Windgällen fold-and-thrust structure, which 
developed during D2 was refolded during D3 (Fig. 6, sub-
region IIA). Small displacements along S3, distributed in 
space, are presumably responsible for the development of 
the culmination of the northern Aar Massif, including the 
passive rotation and folding of the overlying Windgällen 
fold-and-thrust structure (Fig.  10a, see also Funk et  al. 
1983; Schenker 1980). Similarly, we attribute the north-
ward tilting of early D2 thrusts at the northern massif-
front (see Fig. 9e) to D3. As illustrated on Fig. 10a–e, the 
spacing of S3 decreases from north to south, which leads 
to the progressive steepening of earlier fabrics. Where 
the overturned lower limb of the Windgällen anticline 
passes into a basement shear zone, we observe a compos-
ite schistosity S0-S3 (Fig. 10e).
In the central Aar Massif, the main Alpine foliation 
and associated shear zones which formed during D3 are 
referred to as Handegg phase structures (Table  1, Her-
wegh et al. 2020; Mair et al. 2018; Wehrens et al. 2017). 
In the western Aar Massif, post-D2 deformation was 
summarised as Grindelwald phase (Burkhard 1988; 
Pfiffner 2015) and is considered the main phase of exhu-
mation of the Aar Massif. In the Lower Helvetic east of 
the study area, the Calanda phase foliation is commonly 
overprinted by a steeper Ruchi phase crenulation cleav-
age (Milnes and Pfiffner 1977), which we here correlate 
with D3.
4.3.5  D4 structures
D4 is characterised by a transition to brittle-ductile 
shearing. D4 shear zones cross-cut or reactivate earlier 
foliations. Oblique to strike-slip faults and thrusts appear 
to be active synchronously within the study area, thus 
indicating significant strain partitioning during D4. The 
massif-internal regions (subregions IIIA/B in Fig. 3) were 
dominated by oblique to strike-slip faulting, while thrust-
ing/back-thrusting dominated in the northern and south-
ern Aar Massif, respectively (Fig.  7). The more discrete 
appearance of shear zones and the presence of syn-kin-
ematic chlorite and white mica, as well as the absence of 
biotite, indicate retrograde metamorphic conditions dur-
ing D4. In the central southern Aar Massif, biotite was 
still stable during early D4 strike-slip shearing (Rolland 
et al. 2009; Wehrens et al. 2017).
In the northern Aar Massif, D4 was dominated by dis-
crete NNW-verging thrusts (Fig.  9d). These thrusts dip 
on average 150◦/25◦ (Fig. 7). In the limestone-dominated 
cover units D4 forms tight to isoclinal NNW-verging 
folds with mostly flat ENE-trending fold axes. These 
thrusts are commonly associated with a second minor 
and possibly conjugate set of steep reverse faults, which 
show NNW-block up kinematics (mean dip-azimuth/dip 
= 330◦/75◦ ). Associated stretching lineations or striae in 
the fault surface trend SSE and are consistently down-dip 
(Fig. 7). The two sets of faults intersect at a mean angle 
of 80◦ . In the north, D2 and D4 faults (Figs. 5 and 7) have 
similar characteristics (i.e., mean strike direction, trend 
of stretching lineation, kinematics, associated mineral 
phases, angle between possibly conjugate subsets). How-
ever, D4 faults crosscut the weakly developed foliation S3 
(Fig.  9d) and intersect the basement-cover contact at a 
higher angle ( > 50◦ , Fig. 3c) than D2 faults. This indicates 
(See figure on next page.)
Fig. 11 a Profile-like view of the Windgällen-Färnigen zone and structural data. Location is given in Fig. 3c. b Färnigen normal fault. Strongly foliated 
(highlighted as green lines) Cretaceous limestones and a ∼ 10 cm thick band of weakly deformed Nummulite-bearing Paleogene sandstone 
are directly adjacent to a fault breccia (black). The gneisses adjacent to the normal fault are overprinted by cataclasites indicating S-block down 
movement (highlighted as red lines) and are only weakly overprinted by younger Alpine deformation. The Färnigen normal fault dips 70◦ SSE 
(coordinates: 46.7303◦N/8.4740◦E ) c S3 overprinting an intense S0–S2 composite foliation (coordinates: 46.7281◦N/8.4814◦E ). d Well-developed 
stretching lineation in fine-grained limestone and pressure shadow around a pyrite concretion in the main foliation surface (S0–S3 composite, 
coordinates: 46.7291◦N/8.4850◦E ). e Overturned stratigraphic contacts between Carboniferous, Mesozoic sediments and the basement. The 
presence of dolomite clasts indicates a (Middle?) Jurassic or younger age for the basal conglomerate (Coordinates: 46.7269◦N/8.4830◦E ). 
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that D4 faults formed during a late stage of deforma-
tion when top basement was already reorientated to its 
present-day dip. The most prominent D4 structure is 
an array of NNW-verging thrusts exposed in the north-
ernmost Aar Massif, also known as Pfaffenchopf phase 
structures (Table  1, Herwegh et  al. 2017, 2020; Labhart 
1966; Mock 2014; Wehrens et  al. 2017). Displacements 
along D4 thrusts range between millimetres up to 2 km 
(Pfaffenchopf thrust array, Herwegh et al. 2020).
Along the Windgällen-Färnigen zone and in the north-
ern Tödi region (Fig. 7, subregions IIA/B, IIIA), the ori-
entation and characteristics of D4 faults remain relatively 
uniform. However, both the abundance and the estimated 
displacements along the faults decrease from north to 
south (Fig. 11a). Figure 10e shows an example of a minor 
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Fig. 12 Profile-like view of the Tödi west face. The Tödi zone includes from north to south, a south-verging non-reactivated Jurassic? normal fault 
(Tödi normal fault), a pinched “syncline” including Mesozoic sediments, a strongly sheared sub-vertical to overturned stratigraphic contact to the 
crystalline (respectively Permo-Carboniferous) substratum, a decametre-wide ductile basement shear zone with S-up sense of shear. See text and 
Fig. 13a for a more detailed description. Location is given in Fig. 3a
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composite S1-S3 schistosity of the Windgällen-Färnigen 
zone. Associated displacements, when recognisable, are 
mostly below 10 m.
In the massif-internal regions and in the southern Aar 
Massif (Fig. 7, subregions IIIA/B, IV) D4 was character-
ised by a transition to oblique to strike-slip dominated 
ductile to brittle-ductile shearing (see also Oberaar 
phase structures in Wehrens et  al. 2017, Table  1). Sub-
vertical and mostly E-W to SE-NW striking, oblique 
S-block up to dextral shear zones are most abundant. 
These faults commonly reactivate S3 or crosscut ear-
lier fabrics (Fig. 14g). A likely conjugate minor subset of 
sub-vertical on average N-S striking shear zones with an 
oblique E-up to sinistral sense of shear was also observed 
(Fig. 7), which is in agreement with Rolland et al. (2009). 
D4 strike-slip shearing is often associated with sub-
vertical NNW-SSE striking mode 1 extensional quartz 
veins (Fig. 7), which are, in the central Aar Massif, clearly 
younger than D3 veins (Bergemann et  al. 2017; Ric-
chi et al. 2019). The abundance of strike-slip dominated 
faults decreases from west to east. Although difficult to 
estimate, associated displacements are estimated to be 
< 100  m. This is in contrast to the central and western 
Aar Massif, where Steck (1984), Rolland et al. (2009) and 
Wehrens et al. (2017) have documented significant strike-
slip movements, especially in the southern domains.
However, in the southern Aar Massif of our study area 
(Fig.  7, subregion IV), SSE-verging thrusts (Fig.  15c, 
d) and a minor likely conjugate set of NNW-verging 
thrusts dominate, and are attributed to D4. Based on 
their opposite vergence with respect to the overall north-
northwest directed transport direction in the Helvetics 
(Pfiffner 2015), the SSE-verging thrusts are in the fol-
lowing referred to as back-thrusts. Back-thrusts dip 50◦ 
towards the NNW, whereas the NNW-verging faults dip 
45◦ towards the SSE. Associated stretching lineations are 
down-dip. Both the frequency of back-thrusts and asso-
ciated top-to-the SSE displacements increase towards the 
Urseren-Garvera zone and are mostly in the order of cen-
timetres to metres.
4.3.6  D5 structures
A number of late brittle faults have been observed in 
the field. Their young age is mainly inferred from cross-
cutting relationships. Where these reactivate pre-exist-





















Fig. 13 a Photograph of the Tödi zone. The tectonic contact in the north (Tödi normal fault, red line with arrow indicates Mesozoic extension). 
South of the synclinal area, a strongly foliated mylonitic basement shear zone with S-up kinematics (green arrow) can be traced into the vertical to 
overturned stratigraphic basement-cover contact. The approximate thickness of the Röti Formation (yellow dolomitic horizon) is 50 m. White arrows 
indicate the younging direction in Mesozoic strata. See Figs. 3a and 12 for location. b Mylonitic basement shear zone with S-up kinematics near the 
overturned stratigraphic basement cover contact (coordinates: 46.7953◦N/8.8974◦E , see Fig. 12 for location). c Gneiss breccia near the Tödi normal 
fault. Clasts internally preserve pre-Alpine textures (coordinates: 46.7967◦N/8.8988◦E , see Fig. 12 for location)
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Fig. 14 Shear zone patterns and kinematics in the basement. a Slightly undulating pattern of S3 at the decametre scale (coordinates: 
46.6634
◦
N/8.4895◦E , see Fig. 6 for location). b Major shear zone with S-block up kinematics (coordinates: 46.6396◦N/8.4580◦E , see Fig. 6 for 
location). c Shearband cleavage (C/S fabric) in weakly deformed granite indicating S-block up kinematics (coordinates: 46.6213◦N/8.4708◦E , see 
Fig. 6 for location). d Mylonite with feldspar porphyroclasts in a granite (coordinates: 46.6231◦N/8.4611◦E , see Fig. 6 for location). e C’-type shear 
bands in the core of a phyllonitic shear zone indicating S-block up kinematics (coordinates: 46.6888◦N/8.5307◦E , see Fig. 6 for location). f S3 
intersecting the contact between a felsic dike and a migmatite with well-preserved pre-Alpine foliation (coordinates: 46.7118◦N/8.5174◦E , see Fig. 6 
for location). g D4 shear zone overprinting S3. Deflection of S3 indicates a dextral component of deformation. Stretching lineations associated with 
the outcrop indicate oblique dextral S-block up kinematics (coordinates: 46.7124◦N/8.5172◦E , see Fig. 6 for location)
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basement, their young age is inferred from the presence 
of non-cohesive fault gouge material in the fault core. In 
previously strongly foliated limestone-dominated Meso-
zoic units, D5 faults were more easily identified. Associ-
ated displacements, when observable, are mostly below 
10 m.
D5 faults are steep to sub-vertical and mostly domi-
nated by strike-slip kinematics, sometimes with a signifi-
cant normal fault component. We did not find evidence 
for compressional deformation. The orientations of four 
subsets of faults, classified after dextral, sinistral, normal 
fault or N-block-up kinematics are shown on Fig. 8. Dex-
tral faults are most abundant and show significant varia-
tion in strike direction ranging from 50◦ to 140◦ . Sinistral 
faults strike from 140 to 210◦ with a mean value of 180◦ . 
Late strike-slip faults often reactivate pre-existing D3 and 
D4 faults, which is in general agreement with Egli et al. 
(2018), Belgrano et al. (2016) and Hofmann et al. (2004). 
The normal faults can be subdivided into two subsets, 
based on the fault orientations and the associated exten-
sion direction. The first set of normal faults, which was 
mainly observed in the northern Aar Massif (Fig. 8, sub-
regions I and IIA/B), comprises a possibly conjugate set 
of NNW-SSE striking normal faults. These normal faults 
have dip values varying between 60 and 75◦ . The second 
subset comprises a limited number of normal faults, 
which show large variations in strike but are always asso-
ciated with orogen-perpendicular extension. Compara-
ble observations were made in the Vättis region (Pfiffner 
1972). Very few observations of E–W striking sub-verti-
cal faults with N-block up kinematics were made. These 
are correlated with the “Gadmen faults”, as known from 
the northern central Aar Massif (Table  1, Berger et  al. 
2017b; Herwegh et al. 2020; Mock 2014; Labhart 1966).
4.3.7  Alpine shear zones and their relationship to inherited 
normal faults
We recognised three Alpine shear zones in which 
inherited passive margin structures (rift-basins and 
their bounding normal faults) played a key role dur-
ing the Alpine inversion. In the following, we describe 
their characteristics and influence on Alpine collisional 
deformation.
Engelbergertal  Two minor inherited normal faults are 
preserved in the footwall to a D2 fault in the northernmost 
Aar Massif (Fig. 9a; see map in Fig. 5 for locality). Normal 
fault displacements are on the order of 2–4 m. The basal 
Triassic sandstone and the underlying crystalline base-
ment are displaced, thus suggesting a Triassic or younger 
age for the normal faults. Both normal faults are associ-
ated with S-block down movements. The normal faults 
cut the basement-cover contact at an angle of approxi-
mately 60◦ . During early Alpine compressional deforma-
tion (D2), an array of thrusts formed in the footwall to 
these normal faults. These thrusts intersect the normal 
faults at a high angle ( 70◦ − 80◦ ). The angular relationship 
between basement-cover contact, inherited normal faults 
and D2 thrusts indicates that these thrusts developed at a 
time when top basement was still S-dipping (Fig.  9e, see 
also Nibourel et  al. 2018). Assuming an initial fault dip 
of 25◦ − 30◦ (this value corresponds to the dip of late D4 
thrusts), a south-southeasterly dip of 10◦ − 15◦ can be esti-
mated for top basement for the time of the formation of 
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Fig. 15 Deformation structures at the southern Aar Massif boundary 
a Top-to-the S shearing at the steeply NNW-dipping tectonic contact 
between the Aar Massif basement (left) and Jurassic limestones of 
the Urseren-Garvera zone (right) (coordinates: 46.6024◦N/8.4991◦E , 
see Fig. 3c for location). b Major steeply NNW-dipping D3 shear zone 
near the southern Aar Massif boundary with N-block up kinematics 
(coordinates: 46.5972◦N/8.4581◦E , see Fig. 3c for location). Height 
of the cliff ∼ 5m . c Brittle-ductile D4 S-directed back-thrusts in the 
Central Aar granite (coordinates: 46.6200◦N/8.4866◦E , see Fig. 7 
for location). d Brittle-ductile D4 S-directed back-thrusts in gneiss 
(coordinates: 46.6075◦N/8.4924◦E , see Fig. 7 for location)
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Windgällen-Färnigen zone At Färnigen (see Fig. 3c for 
locality) the Windgällen-Färnigen zone comprises two 
synformal sediment wedges. These are in the following 
referred to as the northern and the southern sediment 
wedge, separated by a triangle-shaped antiformal base-
ment block. The overall structure has a mean easterly 
axial plunge of 6◦ and appears to be strongly non-cylin-
drical. Figure 11a shows a section-like view of the Färni-
gen zone.
The northern sediment wedge is bound by the Färni-
gen normal fault, a major SSE-down normal fault with an 
estimated throw of up to 1 km (Figs. 3c and 11a, see also 
Kammer 1985). The Färnigen normal fault is marked by 
an up to metre thick non-cohesive fault breccia (Fig. 11b). 
The directly adjacent gneisses are dissected by catacla-
sites, which indicate S-block down normal fault kinemat-
ics. A few metres away from the normal fault, gneisses 
preserve their pre-Variscan foliation and are largely unaf-
fected by Alpine deformation (Fig. 11b). The normal fault 
strikes 060◦ ENE and dips 70◦ − 80◦ SSE. Stretching line-
ations on the fault surface are down-dip (Fig.  11b). The 
Färnigen normal fault was weakly reactivated as a steep 
reverse fault during Alpine inversion, as indicated by an 
increasingly sharp angle between the Mesozoic strata and 
the fault plane with decreasing distance to the normal 
fault (Fig. 11a). This is consistent with the presence of a 
D3 basement shear zone, which developed in the hanging 
wall to the normal fault (Fig. 11a). The southern “limb” of 
the northern wedge is characterised by a 45◦ NNW dip-
ping stratigraphic contact between Middle Jurassic strata 
and their crystalline substratum. The northern wedge 
comprises weakly deformed Middle Jurassic to Cenozoic 
sediments in stratigraphic upright position (Kammer 
1985). The former half-graben geometry is still recog-
nisable. A pervasive upright main foliation including a 
vertical mineral stretching lineation, which we mainly 
attribute to D3, indicates near coaxial shortening in the 
northern wedge. This is in contrast to dominantly NNW-
up kinematics in the underlying 65◦ SSE dipping base-
ment shear zones and indicates decoupled deformation 
in the basement and cover units, also in the absence of 
major detachments.
A second SSE-vergent inherited normal fault appears 
to be located in the north of the southern wedge. This 
second normal fault is poorly exposed but can be inferred 
from (i) the presence of Permo-Carboniferous clastic 
and volcanoclastic sediments only in its hanging wall, (ii) 
the elimination of the Middle Jurassic strata in its foot-
wall (Kammer 1985) and (iii) cataclasites in the adjacent 
crystalline basement (Kammer 1985). It dips approxi-
mately 70◦ towards SSE. The sediments of the southern 
wedge represent the fill of a second half-graben. They 
were strongly sheared and folded, mainly during D2, then 
refolded during D3. In the relatively homogeneous Upper 
Jurassic to Cretaceous limestones, S2 and S3 (and minor 
S1) form a composite foliation, which dips to the SSE with 
a value decreasing with elevation from 90◦ at the bot-
tom of the wedge to 35◦ in the upper wedge region. This 
downward steepening appears to be due to a decreased 
spacing of the steep to sub-vertical S3 (Fig.  11c). Three 
decametre-scaled tight to isoclinal synclines can be iden-
tified at the bottom of the wedge and are connected to 
the southern limb with an overturned stratigraphic 
contact to the crystalline substratum (Fig.  11e). Ductile 
shearing was most intense between the synclinal area and 
the overturned southern limb, as recorded by deformed 
ooides in Middle Jurassic strata (Kammer 1985). The 
strongly sheared overturned limb can be traced into a 
decametre-wide mylonitic to phyllonitic basement shear 
zone, which on average dips 65◦ SSE (Fig. 13a).
The presence of Permo-Carboniferous sediments in 
the southern sediment wedge (Fig.  11e) indicates some 
pre-Triassic normal faulting. Thickness variations in the 
Middle Jurassic, including the deposition of sandstones 
and polymict conglomerates containing Triassic dolo-
mite and crystalline basement clasts (Fig.  11e) point 
to a high topographic relief during the Middle Jurassic, 
which we attribute to relative uplift of the footwall block 
during normal faulting. A ∼ 10 cm thick Nummulite-
bearing Cenozoic calcareous sandstone at the contact 
to the Färnigen normal fault (Fig.  11b) indicates that 
normal faulting possibly persisted into the Cenozoic, or 
that it was reactivated due to the loading of the advanc-
ing Alpine orogenic wedge. Alternatively, the discordant 
contact between Cenozoic strata and the crystalline base-
ment could also be interpreted as a paleo-escarpment. 
In both cases, significant topographic relief is required 
to explain the contact situation shown on Fig.  11b, 
which points to pulses of normal faulting during the 
Permo-Carboniferous, Lower Mesozoic and eventually 
Creataceous-Cenozoic (cf. Cardello and Mancktelow 
2014). Assuming the normal fault formed at a typical 
60◦ dip angle, the present day orientation of the fault 
plane implies a clockwise back-rotation (in section view, 
looking east) of about ∼ 10◦ during Alpine deformation 
(assuming a 10◦ southerly dip of top basement at initia-
tion of D3 shearing, Nibourel et al. 2018).
Tödi zone The Tödi zone (see Fig. 3a for locality) com-
prises, from north to south, a major inherited normal 
fault (Tödi normal fault), a narrow syncline (Tödi “syn-
cline”) including Mesozoic strata, a southern limb with 
overturned stratigraphy, a several tens of metres wide 
steeply SSE-dipping basement shear zone and finally a 
broad antiformal culmination in the basement (Figs.  12 
and 13). The SSE-vergent Tödi normal fault is a major 
structure, which was not reactivated during Alpine 
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collisional deformation (Fig.  13a). It can be subdivided 
into two segments, separated by an up to 50 m wide 
fault block Fig. 13a). Each of these segments accommo-
dated approximately 250 m of displacement during nor-
mal faulting, which amount to an estimated SSE-down 
displacement of 500 m (when dip-slip kinematics are 
assumed, see Fig.  13a). Triassic pre-rift strata are still 
attached to the footwall, the intermediate fault block 
and to the hanging wall to the normal fault, while they 
were eliminated along the fault surface (Figs. 12 and 13a). 
This is consistent with the larger thickness of the Mid-
dle Jurassic strata in the Tödi “syncline” (i.e., the inverted 
half-graben, Fig. 13a), thus attesting to active rifting dur-
ing the Middle Jurassic (cf. Günzler-Seiffert 1941). Note 
that thickness-variations could partly be due to layer 
thickening during folding (Ramsay and Huber 1987). The 
Tödi normal fault intersects the basal Mesozoic strata at 
an angle of approximately 60◦ (Fig.  13a). Basement and 
cover units adjacent to the northern tectonic normal fault 
contact were not significantly affected by Alpine defor-
mation as highlighted by (i) preserved pre-Alpine fabrics 
in the basement or (ii) by primary sedimentary structures 
in the cover strata. In the basement close to the normal 
fault, we observed monomictic breccias with internally 
weakly deformed clasts, which are presumably related to 
the normal faulting (Fig. 13a).
South of the synclinal area, the spacing of S3 decreases 
rapidly to form a mylonite/ultramylonite with a well-
developed SSE trending down-dip stretching lineation 
(L3) (Figs. 6 and 13b). This basement shear zone can be 
traced into the overturned southern limb of the Tödi 
“syncline”. Although both basement and cover units are 
strongly sheared, the stratigraphic contact between the 
mylonitic basement and the basal Triassic strata is intact 
(Fig.  13a). Along the overturned limb, the originally 
up to 50 m thick Triassic dolomite (Röti Formation) is 
thinned and boudinaged, indicating significant layer par-
allel and thus almost vertical extension during D3 shear-
ing. The phyllonitic foliation of the D3 basement shear 
zone locally bends around the irregularly-shaped contact 
between dolomite boudins and basement. Hence, dur-
ing D3 deformation, dolomite was more competent than 
both Jurassic marls and limestones and sheet-silicate 
dominated mylonites, which developed in the basement. 
The spacing of S3 increases again as we move towards the 
adjacent basement-cored anticline. In the Middle Juras-
sic marls of the Tödi syncline, S3 forms a tightly spaced 
crenulation cleavage, which strikes 065◦ENE and dips 
55◦ to 75◦SSE . We were not able to detect a measurable 
difference between the mean dip of S3 in the cover sedi-
ments of the Tödi syncline and the adjacent basement 
shear zone. Similarly, no systematic variation in dip was 
recorded between S3 in strongly localised basement 
shear zones and adjacent weakly deformed basement. 
The dip of S3 systematically decreases towards the top-
ographically higher Upper Jurassic limestones. This is 
interpreted to reflect ongoing N-directed movements 
along the roof-thrusts such as the Cavestrau décollement 
or the basal Helvetic thrust during D3 (Fig. 3a).
Both, the geometry of top basement and outcrop scale 
kinematic indicators, such as shear bands and schistos-
ity forming sigmoidal bodies (Fig.  3b), indicate reverse 
S-block up kinematics along the Tödi zone during D3. 
The asymmetric distribution of D3 shearing, which 
mainly affects the southern overturned limb of the “syn-
cline” highlights that the Tödi “syncline” is not a true 
syncline but rather an inverted half-graben, where only 
the hanging wall to the Tödi normal fault was affected 
by steep NNW-directed reverse shearing, while the 
inherited normal fault acted as a buttress (see also Bel-
lahsen et al. 2012; Tricart and Lemoine 1986). Geometri-
cal considerations (i.e. the acute angle of D3 shear zones 
with respect to inherited normal faults, which intersect 
top basement at 60◦ , Fig. 6) demonstrate that D3 reverse 
faults had a dip of at least 50◦ at inception, or even more 
if we consider that top basement was dipping to the S 
with 10◦ − 15◦ at peak temperature conditions (Nibourel 
et al. 2018).
5  RSCM results and interpretation
RSCM results are listed in Additional file  1: Table  S1 
with key parameters such as location, stratigraphic age, 
the number of sufficiently good fitted spectra and Tp with 
associated uncertainties. The distribution of obtained 
Tp single measurements in each sample is shown in Fig-
ures S1-S4 of Additional file 1. RSCM records peak tem-
perature but does not carry information about the time 
when it was reached. Hence, the Tp values obtained do 
not necessarily represent Alpine metamorphism. RSCM 
data shown as dots and diamonds in Figs. 16 and 17 are 
considered to represent Alpine peak metamorphism. A 
few samples appear to yield pre-Alpine temperatures or 
were identified as clear outliers. These samples are high-
lighted as asterisks on Figs. 16 and 17, and are discussed 
below.
5.1  Pre‑Alpine temperatures and outliers
In the study area, Mesozoic or younger sediments are 
likely to yield Alpine peak temperatures. In contrast, 
pre-Triassic sediments could be affected by a pre-Alpine 
(Variscan) metamorphic event (Eugster 1951; Franks 
1968a, b; Labhart 1977; Oberhänsli et al. 1988; Schalteg-
ger et  al. 2003; Schenker 1987; Schenker and Abrecht 
1987). In the absence of Mesozoic or younger strata, 
many of the massif-internal samples were taken from 
pre-Triassic sediments. In these sediments, the age of 
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metamorphism has to be assessed carefully. Based on 
their age and Variscan thermal and structural overprint, 
these deposits are subdivided into three subgroups. A 
first group (Cavardiras Group, Berger et al. 2017a) sum-
marises Pre- to Early Variscan deposits, which were 
affected by Variscan amphibolite hornfels facies contact 
metamorphism and subsequent greenschist facies meta-
morphism (Böhm 1986; Franks 1968a, b; Oberhänsli 
et  al. 1988). Given their additional Alpine overprint, 
these deposits can be considered polymetamorphic. A 
second group summarises late to post-Variscan depos-
its. The rocks of the second group may, in the vicinity of 
intrusion contacts, be affected by contact metamorphism 
(as demonstrated for example for the Diechtergletscher 
formation, Schenker and Abrecht 1987). The deposits 
of groups one and two have locally been tilted, wedged 
into their crystalline substratum or buried to depths of 5 
to 10 km during what is referred to as “Permian tecton-
ics” (Franks 1968b; Gisler 2018; Oberhänsli et  al. 1988). 
Finally, a third subgroup (Glarus Verrucano Group) 
includes the youngest Permian deposits. These deposits 
are conformably overlain by the Mesozoic sediments and 
only affected by Alpine metamorphism (e.g., Berger et al. 
2017a).
Pre-Alpine temperatures 517–560 ◦C were recorded 
in the pre-Visean Val Gliems Formation (Cavardiras 
Group, samples GL-16-02, GL-16-07 and EZ-15-02; 
Figures  S3  and  S4, Additional file  1). The temperatures 
recorded in these samples are in accordance with the 
presence of amphibolite facies minerals and can be 
attributed to Variscan amphibolite facies metamorphism 
(Böhm 1986; Eugster 1951; Franks 1968b).
Samples EZ-15-05 and 009 from the Permo-Carbonif-
erous Tscharren Formation yielded relatively high peak 
temperatures of 497 ◦C and 443 ◦C , respectively (Fig-
ure  S3, Additional file  1). More than 22 spectra were 
obtained on each of the samples. Associated temperature 
distributions are relatively narrow with mean values well 
above what would be expected from the Alpine metamor-
phic pattern as highlighted by neighbouring Mesozoic 
samples. Both sample localities are located close to the 
intrusive contact to the late-Variscan central Aar Granite. 
Therefore, these elevated temperatures are interpreted to 
reflect late-Variscan contact metamorphism. Given the 
narrow temperature distribution in both samples, input 
of detrital high-temperature graphite is unlikely.
Sample BL03 from the Permo-Carboniferous Wenden-
joch Formation of the Haslital region shows a very broad 
and complex temperature distribution. A clear peak 
is shown at 385 ◦C by 20 out of 30 measurements (see 
histogram on Figure  S1, Additional file  1). More than 9 
measurements indicate peak temperatures between 400 
and 500 ◦C , which points to the presence of detrital high-
grade graphite in this sample. The main peak at 385 ◦C , 
however, appears to be in accordance with the overall 
Alpine metamorphic pattern and is therefore considered 
to reflect Alpine metamorphism. Other samples from the 
Wendenjoch Formation also yielded Alpine peak temper-
atures (see below).
Other Permo-Carboniferous samples are interpreted 
to yield Alpine peak temperatures, as indicated by their 
good alignment with the overall Alpine metamorphic 
pattern and with published Alpine metamorphic min-
eral assemblages (e.g., Frey and Ferreiro  Mählmann 
1999). This is also confirmed by several paired Mesozoic/
Permo-Carboniferous samples at the localities Wenden-
joch (samples 002/WE-16-02-2), Färnigen (samples 
FA-15-21/FA-15-22b), Sandpass (RU-15-02/RU-15-03) 
and Bifertengrätli (samples TO-15-02/TO-15-03), which 
yielded almost equivalent and thus Alpine peak tempera-
tures with very minor input of detrital high-grade graph-
ite (Figures S1-S4, Additional file 1). However, it becomes 
difficult to determine the age of peak temperatures in 
samples which were affected by two or more almost simi-
lar metamorphic events.
Samples TR-15-01A and TR-15-01B (two sub-samples 
from the same sampling locality), both presumably of 
Middle Jurassic age, yielded relatively narrow tempera-
ture distributions around 420 ◦C (Figure  S4, Additional 
file 1). These values are more than 50 ◦C higher than Tp 
obtained on neighbouring samples that are located at a 
distance of less than 5 km along-strike. This difference 
is well above the precision indicated by the tempera-
ture distributions shown on Additional file 1: Figure S4. 
Fig. 16 Simplified structural map (modified from Schmid et al. 2004) including new and published peak temperature estimates based on RSCM 
(Beyssac et al. 2002; Erne 2014; Girault et al. 2020; Hafner 2016; Lahfid et al. 2010; Mair et al. 2018; Negro et al. 2013; Nibourel et al. 2018; Wiederkehr 
et al. 2008) and calcite-dolomite thermometry data (Herwegh and Pfiffner 2005). Inferred isograds representing peak Alpine metamorphic 
conditions are shown for the Lower Helvetic domain, normalised to the 1500 m elevation level, assuming a constant geothermal gradient of 
25
◦
C/km (see Nibourel et al. 2018, for a discussion). a–d New and published elevation-normalised (1500 m elevation level) Tp plotted along 
four massif-perpendicular transects of unit length. Maximum projection distance = 10 km; Projection angle (trend): 058◦ (A), 070◦ (b–d). The 
approximate positions of major detachments such as the Urseren-Garvera zone, the Windgällen-Färnigen zone and the Pfaffenchopf thrust are 
highlighted with black and red arrows. Profile edge coordinates are (lat/lon): a 46.7779◦N/8.1588◦E , 46.5328◦N/8.4423◦E b 46.8748◦N/8.4224◦E , 
46.5680
◦
N/8.5342◦E c 46.9441◦N/8.6996◦E , 46.6374◦N/8.7708◦E d 47.0298◦N/9.0437◦E , 46.7225◦N/9.1392◦E
(See figure on next page.)
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Therefore, these data points were classified outliers. 
Such abnormally high temperatures could be due to (i) 
frictional heating along the major detachment of the 
Clavaniev zone or (ii) increased structural order of the 
carbonaceous material due to aseismic shear (e.g., Kedar 
et al. 2020).
The pre-Alpine Tp values and clear outliers discussed 
above were not considered for the subsequent analysis of 
the Alpine metamorphic pattern.
5.2  Method used for contouring RSCM data
The good spatial resolution of RSCM data allows 
exhumed Tp patterns to be analysed in three dimensions, 
as highlighted by paleo-isotemperature contour lines (in 
the following referred to as “isograds”, Figs.  16  and 17). 
Isograds in map view were calculated for the 1500 m 
elevation level (mean sample elevation) based on eleva-
tion-corrected Alpine peak temperature data, assum-
ing a constant 25 ◦C/km geothermal gradient (Nibourel 
et  al. 2018). This correction is justified by the observed 
distance between isograds in section view (Fig.  17). 
Although such a correction may introduce some bias, 
Fig. 17 RSCM temperature data projected into three stacked cross sections in descending order from east to west (maximum projection distance 
RSCM data = 10 km). Inferred isograds highlight the metamorphic pattern in section view. Scale is equal on all cross sections. Section traces are 
shown on Fig. 1a. Legend and abbreviations as on Fig. 16. References, projection direction and edge coordinates as on Fig. 3. a Section A′–A′′. b 
Section B′–B′′. c Section C–C′
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especially where exhumed paleo-isothermal surfaces are 
steep or deformed, it is necessary to normalise Tp data, 
which are distributed over more than 3500  m topo-
graphic relief. Isograds were calculated using a linear 
interpolation algorithm (marching squares method, Mat-
lab R2015b) at a 2 × 2 km grid size. Isograds were then 
manually adjusted for clear outliers.
Isograds were only drawn for the footwall to the basal 
Helvetic thrust, where Alpine peak metamorphism was 
reached at ∼  22–17  Ma with presumably minor dia-
chrony (Nibourel et  al. 2018). Although the age record 
is not complete, published geochronological constraints 
(Berger et  al. 2017b; Challandes et  al. 2008; Glotzbach 
et  al. 2010; Nibourel 2019; Rolland et  al. 2008; Vernon 
et  al. 2009; Wangenheim 2016) do not show clear evi-
dence for significant diachrony in the age of Alpine peak 
metamorphism in the footwall to the basal Helvetic 
thrust. Therefore, the isograds shown on Fig. 16 and 17 
may give indications about the thermal structure in the 
Lower Helvetic domain at peak metamorphism con-
ditions. In contrast, temperature data from above the 
basal Helvetic thrust, representing a discontinuity with 
respect to the age and grade of Alpine metamorphism, 
were not considered for the construction of isograds. 
On Figs.  16  and 17, samples from the Helvetic nappes 
and higher tectonic units are highlighted with different 
symbols. In the central southern and western Aar Massif, 
larger data gaps exist due to the absence of suitable sedi-
ment exposures for RSCM analysis. There, isograds were 
interpolated over > 20 km and are thus associated with 
significant uncertainties.
Tectonic reconstructions by Wyss (1986) suggest that 
the sediments of the Urseren-Garvera zone represent 
the portion of the Gotthard nappe cover which was not 
transported to the north with the Helvetic nappes, but 
remained attached to its crystalline substratum. Such an 
interpretation is also supported by U-Th-Pb ages on peak 
metamorphic allanite (17–21 Ma, Janots and Rubatto 
2014), which are almost equivalent to the inferred age 
of peak metamorphism in the adjacent Aar Massif base-
ment (see also Fig. 18; Nibourel et al. 2018). During the 
emplacement of the Gotthard nappe, the main detach-
ment likely jumped from the Gotthard nappe cover to the 
base of the Gotthard nappe, so that parts of the shorten-
ing accommodated along the basal Helvetic thrust root 
in the Urseren-Garvera zone. However, based on the 
above constraints, we assign the Gotthard nappe cover 
of the Urseren-Garvera zone (clearly Upper Helvetic 
from a stratigraphic point of view) to the footwall of the 
basal Helvetic thrust. As a consequence, Tp data from 
the Urseren-Garvera zone are taken into account for the 
construction of isograds and to image the approximate 
thermal structure of the Lower Helvetic at peak meta-
morphic conditions (Figs. 16 and 17).
5.3  Alpine metamorphic pattern in map view
New and published peak temperature data are presented 
in map view (Fig.  16, references are given in the Figure 
caption). In the footwall of the basal Helvetic thrust, we 
observe a general increase of temperature from 240–
280◦C along the northern massif front to up to ∼ 520 ◦C 
in the Urseren-Garvera zone. Along the northern mas-
sif front, isograds trend ENE and are parallel to the main 
strike of the massif. To the south, isograds become pro-
gressively oblique and rotate into a NE trend in the west-
ern Aar Massif, respectively into an E trend in the eastern 
Aar Massif. At the western and eastern edge of the mas-
sif, we locally observe almost orogen-perpendicular iso-
grads, so that the overall pattern reflects the domal shape 
of the Aar massif. Isograds are most tightly spaced at the 
northern central massif-front and along the Windgällen-
Färnigen zone. Towards the south, the isograd spacing 
increases non-linearly. Towards the east and west corners 
of the Aar Massif, the spacing between isograds generally 
increases and becomes more regular.
The exposed horizontal Alpine temperature gradi-
ent along four massif-perpendicular transects decreases 
from > 12 ◦C/km along transect A (central Aar Mas-
sif ) to a value < 6 ◦C/km along transect D in the Glarus 
area (Fig.  16a–d). The horizontal Alpine temperature 
trend is non-linear, especially in the central Aar Massif 
(transects A and B), and becomes progressively sub-lin-
ear towards the east (Fig. 16c, d). The steepest horizon-
tal gradients are located at the northern central massif 
front (Fig.  16a, b) and across the Windgällen-Färnigen 
zone (Fig. 16b, c), where we locally observe gradients up 
to 30 ◦C/km . Along transect B, a relatively discrete tem-
perature increase across the Windgällen-Färnigen zone 
from ca. 300 ◦C in the footwall to more than 400 ◦C in 
the hanging wall is observed (Fig. 16). Along transect C, a 
corresponding temperature jump across the Windgällen-
Färnigen zone is also observable, but less pronounced. 
This is interpreted to reflect decreasing displacements 
along this major reverse fault from W to E. Along tran-
sect D, a sub-linear Tp increase from north to south and a 
weakly pronounced local Tp maximum close to the south-
ern Aar Massif boundary can be observed. In map view 
(Fig.  16), the trend of isogrds is in good general agree-
ment with mapped mineral-isograds, such as the bio-
tite-in, stilpnomelane-out, microcline/sanidine isograds 
(Bambauer et al. 2005; Frey et al. 1976; Niggli and Niggli 
1965). The first occurrence of dynamic quartz recrystal-
lization (Bambauer et al. 2009; Voll 1976) closely follows 
the 300–320◦C isograds.
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Measured RSCM temperatures above the basal Hel-
vetic thrust are systematically 10–40◦C higher than adja-
cent samples from the Lower Helvetic (Figs. 16 and 17), 
which is in general agreement with Frey et al. (1976) and 
Frey (1980).
5.4  Alpine metamorphic pattern in section view
Figure  17 depicts the distribution of Tp along three 
stacked cross sections from east to west. Inferred iso-
grads highlight the Alpine metamorphic pattern. Overall, 
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Fig. 18 Temperature-time(-burial) paths for two key localities in the northern (see red asterisk on tectonic sketches, Fig. 19) and southern (white 
asterisk, Fig. 19) Aar Massif, respectively. The proposed timing of deformation phases D1–D5 is highlighted for reference. Temperature-time 
constraints for the southern Aar Massif are: 0—stratigraphic age Matt Formation (Menkveld-Gfeller et al. 2016), 1—Ar/Ar on biotite (Rolland et al. 
2009), 2—Ar/Ar on biotite, Rb/Sr on phengite (Challandes et al. 2008), 3—zircon fission track ages (Glotzbach et al. 2010; Michalski and Soom 
1990), 4—(U-Th)/He on zircon (Nibourel 2019), 5—apatite fission track ages (Michalski and Soom 1990; Nibourel 2019), 6—(U-Th-Sm)/He on apatite 
(Glotzbach et al. 2010); Temperature-time constraints for the northern Aar Massif are: 7—RSCM Tp (Nibourel et al. 2018), 8—zircon fission track ages 
(Herwegh et al. 2020; Nibourel 2019; Wangenheim 2016), 9—(U-Th)/He on zircon (Nibourel 2019), 10—apatite fission track ages (Michalski and 
Soom 1990; Nibourel 2019)
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This is best observed along cross section C–C′ (Fig. 17a), 
where exposures of top basement and the spatial resolu-
tion of RSCM data are excellent. At the northern massif 
front, isograds plunge to the N with angles decreasing 
from 45◦ in the central Aar Massif (Fig. 17c) to 20◦ in the 
east (Fig.  17a), and are systematically 5◦ − 15◦ steeper 
than top basement or the basal Helvetic thrust (Fig. 17). 
Across the Windgällen-Färnigen zone (Fig.  17c), we 
observe a relatively discrete temperature increase from 
300 ◦C in the footwall to more than 400 ◦C in the hanging 
wall. This correlates with the significant vertical throw 
across the tectonic boundary and is in agreement with 
field observations of south-up dominated kinematics 
(Nibourel et al. 2018). Along section B′–B′′ (Fig. 17b) the 
Windgällen-Färnigen zone is best exposed. There, sub-
vertical to overturned isograds spatially coincide with the 
position of the recumbent Windgällen fold-and-thrust 
structure. At the transition from the Aar Massif into the 
Urseren-Garvera zone or Clavaniev zone, isograds gener-
ally turn into a near horizontal or S-plunging orientation. 
No significant Tp jump is observed across the Cavestrau 
detachment (samples TR-17-01/TR-17-02, Fig.  17a), the 
Clavaniev as well as the Urseren-Garvera zones (Figs. 16 
and 17).
5.5  Temperature‑time history
Figure 18 shows the temperature-time evolution for two 
key localities in the northern and southern Aar Massif, 
respectively (localities are highlighted with an asterisk 
on Fig.  19). These data are based on published temper-
ature-time constraints, stratigraphic considerations and 
new RSCM data (references are given in the caption to 
Fig. 18). 
The upper age bound for peak metamorphism is given 
by the Rupelian (28–34 Ma) age of the youngest flysch 
units deposited onto the Lower Helvetic domain (Lu 
et  al. 2018; Menkveld-Gfeller et  al. 2016). According to 
thermal calculations (Challandes et  al. 2008), approxi-
mately 10 Myrs are required to heat the Aar Massif base-
ment to its maximum temperature of 450 ◦C reached in 
the south. In the southern central Aar Massif, the age of 
Alpine peak metamorphism is relatively well-constrained 
by Ar–Ar and K–Ar ages on syn-kinematic Alpine sheet 
silicates (Berger et al. 2017b; Challandes et al. 2008; Rol-
land et al. 2009). In the northern Aar Massif, the age of 
peak Alpine metamorphism is poorly constrained. This is 
mostly due to the scarcity of datable mineral phases and 
grain sizes and due to the complex polycyclic metamor-
phic history of the basement units in this area (Berger 
et  al. 2017b). Furthermore, Alpine peak temperatures 
were not high enough to completely reset zircon fission 
track ages. The northernmost likely Alpine reset zircon 
fission track ages point to an initiation of exhumation 
at 17 to 27 Ma and indicate a relatively long duration 
of the metamorphic peak (Fig.  19, Michalski and Soom 
1990; Nibourel 2019; Wangenheim 2016). Overall, these 
constraints and considerations suggest that the Alpine 
thermal peak occurred at ∼ 22 to 17 Ma for both the 
northern and southern Aar Massif (Nibourel et al. 2018).
Peak temperatures reached 300 ◦C and 450 ◦C in the 
northern and southern Aar Massif, respectively. Assum-
ing a geothermal gradient of 25 ◦C/km at peak tempera-
ture conditions (see Nibourel et al. 2018, and discussion 
of this assumption below), this corresponds to a maxi-
mum burial of 12 km in the north, increasing to 20 km 
in the south (Nibourel et  al. 2018). This suggests mean 
exhumation rates of 0.6 mm/year and 1 mm/year for the 
past 20 Myrs for the northern and southern Aar Massif, 
respectively. From 17–14  Ma, we observed rapid cool-
ing at rates up to 50 ◦C/Ma in the southern Aar Massif, 
while the northern Aar Massif cooled at 30 ◦C/Ma . This 
implies significant differential uplift along the transect 
with S-block up dominated kinematics. At 14  Ma, the 
northern and the southern Aar Massif were exhumed to 
the same crustal level. From 14 Ma, onwards the north-
ern and southern parts of the massif continued to cool at 
the same relatively constant rate ( ∼ 20 ◦C/Ma , see also 
Herwegh et al. 2017).
5.6  Relative timing of deformation and peak temperature
The general pattern of isograds in map and section view 
reflects the three dimensional dome-shape of the Aar 
Massif in both massif-perpendicular and along-strike 
directions (Figs. 16 and 17). Our results suggest that most 
of the deformation and the associated development of the 
present-day structural relief occurred after peak tempera-
ture conditions (Nibourel et al. 2018), which is in general 
agreement with data and models in Burkhard (1988), 
Rahn and Grasemann (1999) and Glotzbach et al. (2010). 
This implies that the future Aar Massif was buried with 
minor internal deformation. Such an interpretation is also 
supported by the 10◦ − 15◦ intersection angle between 
inferred isograds and top basement as well as the basal 
Helvetic thrust (Fig.  17). This suggests that both marker 
horizons, at peak temperature conditions, were dipping 
to the S at an angle of 10◦ − 15◦ (if isochronous metamor-
phism and a constant geothermal gradient are assumed 
Nibourel et  al. 2018). A discussion of these assumptions 
can be found below and in Nibourel et al. (2018).
The deformation structures described above are placed 
along the temperature-time path of the northern and 
southern Aar Massif (Fig.  18). This allows the subdivi-
sion into prograde, peak metamorphic and retrograde 
deformation.
The early northward thrusting of the southernmost Aar 
Massif cover (summarized as early Lower Helvetic thrust 
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Fig. 19 a–e Hypothetic kinematic evolution of the eastern Aar Massif since the Late Oligocene (25 Ma). Two key localities for which the 
temperature-time(-burial) history is shown on Fig. 18 are highlighted as red (northern Aar Massif ) and white asterisks (southern Aar Massif ), 
respectively. Trace of cross section A–A′′′ is given in Fig. 1a. Depth and orientation of top basement are based on depth-converted new and 
published temperature-time constraints, assuming a constant 25 ◦C/km thermal gradient through time (Nibourel et al. 2018). JFTB—Jura 
fold-and-thrust belt; SM—Subalpine Molasse; DUSM—Estimated thickness of Lower Freshwater Molasse (Pfiffner 2017); DM—Estimated thickness of 
Molasse deposits at 13 Ma (Cederbom et al. 2011); DE—Estimated eroded thickness of Molasse deposits at present (Cederbom et al. 2011). Legend 
and abbreviations as in Fig. 1a. f Estimated particle trajectories for two key localities (highlighted as asterisks in a–e) from 25 Ma to present, based 
on the tectonic reconstruction shown (a–e). Horizontal (relative to stable Europe) and vertical (relative to the surface)
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sheets on Fig. 17, affiliated to D1 on Fig. 18) pre-dates the 
thermal peak in the Lower Helvetic. This can be demon-
strated by equivalent temperatures above and below the 
Cavestrau décollement in the southeastern Aar Massif 
(Fig. 17a). The estimated timing of active shearing along 
the basal Helvetic thrust (35–15  Ma; e.g., Akker 2020; 
Hunziker et al. 1986; Pfiffner 2015) is given on Fig. 18. It 
represents the main detachment above the Lower Hel-
vetic and D1 is possibly related to slip along this major 
structure.
Basement-involved deformation initiated with the 
inversion of the Windgällen-Färnigen basin and with 
the development of other minor thrusts during D2. 
Across the Windgällen-Färnigen zone, isograds are less 
deformed than the basement-cover contact. This is inter-
preted to reflect some peak metamorphic deformation 
along this zone (i.e. relaxed isotherms after initial defor-
mation). Also D2 structures are mostly obliterated by 
subsequent deformation, there is some evidence for peak 
metamorphic D2 deformation in the southern Aar Mas-
sif. In cross section C–C′ (Fig. 17a), inferred isograds are 
flat or 20◦ S-plunging, but significantly less steep than the 
steeply S-dipping Gotthard nappe-Aar Massif bound-
ary, which was presumably steepened already during D2. 
This points to deformation at peak metamorphic condi-
tions or earlier, which is in agreement with observations 
of syn-kinematic peak metamorphic mineral assemblages 
in ductile shear zones in the central southern Aar Mas-
sif (Goncalves et al. 2012) as well as with post-kinematic 
but peak metamorphic allanite (Janots and Rubatto 2014) 
and the presence of syn- to post-kinematic chloritoid 
along the Urseren-Garvera zone (Niggli and Niggli 1965; 
Pfiffner 1972, 1978).
Overall, the Tp pattern indicates that most of the per-
vasive and intense deformation associated with D3 
occurred after peak temperature conditions (Figs. 16 and 
17). This is best observed at the northern massif front, 
where progressive steepening of isograds correlates with 
an increasingly steep basement-cover contact (Fig. 17), as 
also highlighted by an increasingly tight spacing of iso-
grads in map view (Fig. 16). D3 is likely the main respon-
sible for the onset of rapid and differential exhumation in 
the Aar Massif domain (Fig. 18).
D4 thrusts are retrograde as confirmed by a relatively 
discrete temperature jump across the Pfaffenchopf thrust 
array (see Fig. 16a). Retrograde conditions are also indi-
cated by the generally more discrete and brittle-ductile 
nature of D4 shear zones and associated mineral assem-
blages. D4 back-thrusts in the southern Aar Massif have 
the same characteristics (i.e., associated mineral phases) 
as D4 NNW-vergent thrusts in the north and hence 
developed at comparable temperature conditions. This 
implies no significant differential exhumation between 
the northern and the southern Aar Massif from D4 
onwards.
The purely brittle characteristics of faults in basement 
and cover units indicate even lower temperatures during 
D5.
5.7  Structural style and steepness of shear zones: 
a function of temperature?
We identify two zones with contrasting structural 
appearance. In the northern Aar Massif (footwall to the 
Windgällen-Färnigen zone, Figs.  2 and 3, subregion I, 
Tp below 300 ◦C ), thrusts that developed during D2 and 
D4 dominate the structural appearance, while steep D3 
structures and the associated foliation are weakly devel-
oped. South of the Windgällen-Färnigen zone (Figs. 2 and 
3), where compressional deformation mostly occurred at 
temperatures > 330 ◦C , steep to sub-vertical ductile D3 
shear zones and an associated greenschist facies folia-
tion are the dominant structural element, while D2 and 
D4 thrusts are not or only weakly developed. Along the 
Windgällen-Färnigen zone (Figs. 2 and 3), D2, D3 and D4 
structures are equally developed.
The steepness of active NNW-verging shear zones (esti-
mated for the time they were active) appears to have var-
ied through time. Estimated dip values increase from 25◦ 
to 30◦ during prograde to peak metamorphic thrusting 
(D2), to a dip of 50◦ or more during peak metamorphic 
to retrograde reverse faulting (D3), then decreased again 
to 15◦–30◦ during retrograde thrusting (D4). Hence, both 
the style of compressional basement-involved deforma-
tion (i.e., steepness of shear zones) and the timing of the 
transition to basement-involved deformation appear to 
vary as a function of evolving temperature conditions.
Figure  19 shows how the steepness of top basement, 
inherited normal faults and D3 shear zones evolved 
through time. Based on this reconstruction, we esti-
mate a dip > 50◦ for D3 shear zones (at the time of active 
reverse faulting) and we suggest that the dip has not 
increased significantly during subsequent deformation. 
This is also supported by the fact that D3 shear zones 
were commonly reactivated as strike-slip faults. In con-
trast to any previous and subsequent deformation phase, 
D3 accommodated significant vertical S-block up move-
ments, which produced the present-day top basement 
topography as well as the exposed metamorphic gradient. 
This phase of rapid uplift also coincides with a decrease 
in relative Europe-Adria convergence from 13  mm/year 
to 2 mm/year (Handy et al. 2010; Schmid et al. 1996). In 
a recent model, large vertical displacements during D3 
were explained by buoyancy driven vertical tectonics 
related to the delamination of the lower European crust 
due to a rollback mechanism of the continental European 
lithosphere (see also Herwegh et  al. 2017). Our results 
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suggest that the upward movement of buoyant crus-
tal material along steep reverse faults was facilitated by 
high temperature conditions weakening the crust and 
by a positive feedback mechanism with efficient ero-
sional unloading (Nibourel et  al. 2018). However, high 
temperature in itself is not sufficient as explanation. In 
the Lepontine region, dominant shearing and schistos-
ity development is shallowly dipping but occurred at 
Amphibolite facies conditions (e.g., Maxelon and Manck-
telow 2005). This points to the comparatively slow con-
vergence rates (Schmid et al. 1996; Handy et al. 2010) as 
an additional driver for the large exhumation to shorten-
ing ratio during the Aar Massif exhumation.
5.8  Inversion of inherited normal faults and associated 
half‑grabens
The two major SSE-dipping inherited Färnigen and Tödi 
normal faults were not significantly reactivated during 
Alpine compressional deformation. Instead, decametre-
wide steep ductile reverse shear zones developed in the 
basement below the adjacent syn-rift basins at an angle 
of only 5 ◦–20◦ to the inherited normal faults. These 
shear zones can be traced into steep to overturned limbs 
in the overlying Mesozoic strata. This suggests that the 
halfgraben synclinal shape acted as shape perturbation 
for initiating cuspate-lobate buckling at the rheological 
boundary between relatively competent basement and 
relatively weak cover units. In the unlayered, more iso-
tropic basement, this may have been accommodated by 
localised shear zones, which led to the formation of tight 
to isoclinal pinched synclines, where the half-graben 
filled with weaker sediments provided a shape perturba-
tion and to open anticlines in the hanging wall to theses 
shear zones. Such an interpretation implies that the base-
ment shear zones nucleated at the basement-cover inter-
face. Alternatively, the shear zones could have nucleated 
at depth, propagate upward and cause the syn- and anti-
forms at the basement-cover interface. As demonstrated 
above, D3 structures, such as the main shear zone of the 
Tödi zone, were active mostly after the metamorphic 
peak which in this area corresponds to 330 ◦C to 360 ◦C.
Two main factors may have inhibited the reactivation 
of the normal faults. First, at initiation of basement-
involved shearing, the normal faults had dip angles of 70◦
–80◦ (see tectonic reconstruction on Fig. 19a), and were 
thus too steep to be reactivated as a reverse fault. Second, 
a number of observations point to a decreasing rheologi-
cal contrast between the relatively strong basement and 
the relatively weak cover sediments and inherited nor-
mal faults as a function of temperature: (i) the absence of 
major detachments between basement and cover units, 
(ii) distributed ductile deformation along D3 basement 
shear zones, (iii) cuspate-lobate fold geometries along the 
basement cover contact (Ramsay and Huber 1987). The 
low angle between inherited normal faults and D3 shear 
zones ( < 15◦ ) suggests that thermal weakening of base-
ment and cover units, possibly enhanced by hydration 
and changes in mineralogy (Oliot et  al. 2010), is mainly 
responsible for the absence of normal fault reactivation. 
This is in agreement with observations from other ECMs 
in the Western Alps where new basement shear zones 
formed in the basement instead of reactivating inherited 
weaknesses such as pre-Alpine foliations or normal faults 
(Bellahsen et al. 2012; Bellanger et al. 2015; Boutoux et al. 
2016; Lafosse et al. 2016). Rather, the normal faults acted 
as buttresses (Tricart and Lemoine 1986), as highlighted 
by near coaxial deformation in the half-grabens adja-
cent to the normal faults. Numerical studies (Buiter and 
Pfiffner 2003; Buiter et al. 2009) have suggested that the 
rheological contrast between relatively weak basin fill 
and the underlying basement controls the localisation of 
compressional deformation, which is in general agree-
ment with our field observations.
5.9  Thermo‑kinematic scenario for the development 
of the eastern Aar Massif
We propose a kinematic scenario for the development of 
the eastern Aar Massif (Fig. 19a–e) from 25 Ma to pre-
sent. It is based on the following assumptions: (i) con-
stant line length for top basement, (ii) constant area for 
the crustal basement (assuming an undeformed crustal 
thickness of 30 km and no out-of-section movement), 
(iii) a constant 25 ◦C/km geothermal gradient in space 
and time, (iv) isochronous metamorphism in the footwall 
of the basal Helvetic thrust and (v) constant topography 
over the past 20 Ma (Campani et al. 2012). A discussion 
of these assumptions can be found below and in Nibourel 
et al. (2018).
Figure  19f shows particle trajectories for two key 
localities (highlighted with a red and a white asterisk in 
Fig. 19a–e) from 25 Ma to present, based on the tectonic 
reconstruction. It highlights the components of hori-
zontal (relative to stable Europe) and vertical (relative 
to the surface) displacements during the formation of 
the eastern Aar Massif (positive values indicate move-
ment towards the surface, respectively NNW-directed 
movement).
Restoring pre-deformational geometries based on the 
line length of one horizon involves significant uncertain-
ties, particularly when ductile shearing is involved (Bout-
oux et al. 2014). Out-of-section movements, especially at 
the presence of strike-slip faults during D4 are not con-
sidered in this reconstruction, which certainly adds some 
uncertainty to our model. Our field data indicate, how-
ever, that strike-slip faults are less abundant and associ-
ated displacements less significant than in the western 
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and central Aar Massif (Belgrano et al. 2016; Steck 1968; 
Wehrens et al. 2017).
In the tectonic reconstruction (Fig.  19), the depth 
and orientation of marker horizons and corresponding 
estimates of shortening and exhumation rates strongly 
depend on the assumption of a constant and linear 
25 ◦C/km geothermal gradient. This assumption is jus-
tified by the observed spacing of Tp isograds in section 
view (Fig.  17) and by independent pressure-tempera-
ture constraints (Challandes et al. 2008; Goncalves et al. 
2012; Rolland et al. 2009). However, tectonic movements 
towards or away from the surface, such as tectonic bur-
ial or subsequent exhumation are likely to perturb the 
isotherm pattern (Mancktelow and Grasemann 1997). 
At peak metamorphic conditions, the Lower Helvetic 
domain was situated in the footwall to the basal Helvetic 
thrust representing the main active tectonic boundary at 
that time (Pfiffner 2015). Numerical models by Molnar 
and England (1990) and Shi and Wang (1987) predict that 
thermal perturbations across actively deforming thrusts 
re-equilibrate rapidly. Especially for shallow dipping 
thrusts with slip rates smaller than 5 mm/year such as the 
basal Helvetic thrust (Nibourel et al. 2018; Pfiffner 2015). 
Additionally, the reference time chosen pre-dates most of 
the crustal thickening and uplift of the Aar Massif base-
ment. Although minor temperature perturbations cannot 
be excluded, no significant vertical displacements, and as 
a consequence no major temperature perturbations are 
to be expected for this time step. In contrast, subsequent 
exhumation rates of 1 mm (Nibourel et al. 2018; Nibourel 
2019) have likely compressed isograds towards the sur-
face (Mancktelow and Grasemann 1997). Such pertur-
bations are not considered in this reconstruction, which 
may lead to an underestimation of the peak rates at the 
initiation of rapid exhumation during early D3 deforma-
tion and/or to an overestimation of exhumation rates 
during the subsequent decrease of exhumation (D4).
To reconstruct the depth of top basement at peak tem-
perature conditions, we infer that Alpine peak metamor-
phism in the Lower Helvetic was isochronous. Although 
there are significant gaps in the age record, we do overall 
not find clear evidence for significant diachrony in the 
metamorphic evolution as would be expected from an in 
sequence development. Rather, the ages discussed above 
and given in Fig.  18 point to one relatively isochronous 
metamorphic peak event between 22 and 17 Ma, which 
justifies this assumption. Similar observations were also 
made in other ECMs (e.g., Boutoux et al. 2016).
The temperature pattern, and as a consequence the 
reconstructed depth and orientation of top basement, 
could be affected by shear heating in locally strongly 
deformed sediments or by increased structural order 
due to aseismic shear (e.g., Kedar et  al. 2020). Almost 
equivalent peak temperatures in directly adjacent inter-
nally weakly deformed sandstones and strongly sheared 
limestones indicate that the effect of strain did not have a 
major impact on most of our samples.
5.9.1  25–20 Ma
Tectonic burial of the Aar Massif initiated after the 
deposition of the Matt Formation (34–28  Ma, Lu et  al. 
2018; Menkveld-Gfeller et  al. 2016). Underthrusting 
in the footwall of the basal Helvetic thrust presumably 
formed the first foliation S1 in the cover of the Aar Mas-
sif. Figure  19a shows the Aar Massif at the initiation of 
basement-involved deformation (i.e., inversion of the 
Windgällen-Färnigen basin, as well as other early D2 
thrusts). The timing of early thrusting and folding is esti-
mated at 25 Ma, but is poorly constrained by zircon fis-
sion track ages and (U-Th)/He ages on zircon between 
27 and 19 Ma along the northern Aar Massif (Michalski 
and Soom 1990; Nibourel 2019; Wangenheim 2016). D2 
thrusts caused 7 km of massif-internal shortening but did 
not significantly exhume the Aar Massif (Fig.  19f ). The 
absence of significant exhumation is attributed to ongo-
ing underthrusting in the footwall to the basal Helvetic 
thrust and to the relatively low dip of early thrusts. Iso-
grads across the sub-vertical Urseren-Garvera and the 
Clavaniev zones are near horizontal (Fig. 17). This indi-
cates significant shearing already during the thermal 
peak in the southern Aar Massif. D2 thrusting was coeval 
with the initiation of thrusting in the Subalpine Molasse 
in late Oligocene to early Miocene times (Fig. 19b, Kempf 
et  al. 1999; Schlunegger et  al. 1997) and possibly with 
early deformation in the Jura fold-and-thrust belt as indi-
cated by some equivocal evidence for fault activity during 
sedimentation around 20 Ma (Becker 2000).
5.9.2  20–13 Ma
Figure  19b shows the Aar Massif at peak temperature 
conditions. In the retrodeformed profile sketch, Tp data 
are used to reconstruct the depth and orientation of top 
basement. The recumbent Windgällen fold-and-thrust 
structure (D2) is overprinted by steep reverse faults and 
an associated pervasive foliation (D3). The timing of D3 
shearing is dated at 22–14 Ma based on syn-kinematic 
growth of sheet silicates (Berger et al. 2017b; Challandes 
et al. 2008; Rolland et al. 2009) as well as monazites and 
adularia from associated clefts (Bergemann 2017; Ricchi 
et al. 2019). D3 caused intense massif-internal deforma-
tion and led to the development of the highly localised, 
massif-internal structural relief as observed in Fig.  19c. 
D3 was associated with 7 km of massif-internal short-
ening and ∼ 11 km exhumation, which corresponds to a 
ratio vertical to horizontal displacement > 1.5 (Fig.  19f, 
southern Aar Massif ). This large vertical component was 
    9  Page 36 of 43 L. Nibourel et al.
accommodated by D3 reverse faults. Our field data reveal 
that these reverse faults were steeper than 50◦ already at 
inception. Such a high dip could (i) point to buoyancy-
driven vertical tectonics related to the delamination of the 
lower crust in response to a rollback mechanism in the 
European continental lithosphere (Herwegh et  al. 2017, 
2020) and (ii) to a positive feedback mechanism between 
tectonically-driven uplift and erosion (Nibourel et  al. 
2018). Additionally, this period with a high uplift com-
ponent coincides with an estimated decrease of Europe-
Adria convergence at ca. 20 Ma (Handy et  al. 2010; 
Schmid et al. 1996). Although D3 bends and exhumes the 
basal Helvetic thrust at the massif-scale, coeval activity of 
the basal Helvetic thrust and D3, at least during early D3 
deformation, is indicated by the local bending of D2 and 
D3 structures towards tectonically higher levels (Fig. 3a, 
see also Pfiffner et al. 2011). In the central Aar Massif, D3 
leads to a first stage of steepening of the basement-cover 
contact at the northern massif-front (including the reori-
entation of earlier D2 faults).
5.9.3  13–6 Ma
Fig. 19c shows the Aar Massif at the transition to D4. At 
the northern massif front, D4 is dominated by arrays of 
NNW-verging thrusts (referred to as Pfaffenchopf phase 
in the central Aar Massif, e.g., Herwegh et  al. 2020). 
Massif-internally and in the south, D4 is associated with 
oblique to strike-slip faulting (Oberaar phase in the cen-
tral Aar Massif, e.g., Herwegh et  al. 2020), coeval with 
back-thrusting in the southern Aar Massif. At 13 Ma, the 
two reference points in the northern and southern Aar 
Massif were exhumed to the same temperature, as con-
strained by constant zircon fission track ages across the 
transect (Nibourel 2019; Michalski and Soom 1990; Wan-
genheim 2016). From 13 Ma onwards, the two reference 
points share a common cooling history (Fig.  18). This is 
attributed to “en bloc” exhumation in the hanging wall 
to frontal crustal ramps, and implies no significant mas-
sif-internal compressional deformation after 13  Ma. D4 
back-thrusts did not cause significant uplift of the Aar 
Massif with respect to the Tavetsch and Gotthard nap-
pes as shown by relatively constant cooling ages across the 
Clavaniev and Urseren-Garvera zones (see also Glotzbach 
et  al. 2010; Nibourel 2019). “En bloc” exhumation from 
13 Ma onwards is in agreement with the observed tran-
sition from reverse-fault dominated to strike-slip-dom-
inated deformation in the massif-internal areas. In the 
central Aar Massif, the transition to strike-slip dominated 
shearing is dated at ∼ 14Ma (e.g., Rolland et al. 2009). At 
13 Ma, the Aar Massif basement had not reached the sur-
face, which is in agreement with the absence of Aar Mas-
sif pebbles in the youngest (11.5  Ma, Rahn and Selbekk 
2007) Upper Freshwater Molasse depostis (Pfiffner 2015). 
The frontal crustal ramps, which developed during D4 
are coeval with the main deformation event at the Jura 
fold-and-thrust belt (14–4 Ma, Becker 2000; Looser et al. 
2020) and break-back thrusting in the Subalpine Molasse, 
which lasted until at least 5 Ma (Mock and Herwegh 2017; 
Mock et al. 2020; von Hagke et al. 2014).
5.9.4  6 Ma to present
Figure 19d shows an in sequence development of frontal 
crustal ramps above which the Aar Massif continued to 
exhume at a relatively constant rate (0.5 mm/year). Con-
tinued exhumation in the hanging wall of younger D4 
thrusts lead to the exposure of older D4 thrusts along 
the northern central massif front (i.e., Pfaffenchopf 
thrust, Herwegh et  al. 2020). Exhumed D4 thrusts have 
dip angles between 15 and 30◦ (Fig. 19e). About 13 km of 
massif-internal shortening were accommodated mainly 
along D4 thrusts and caused up to 9 km of uplift and ero-
sion between 13 Ma and present (Fig. 19c–e).
5.9.5  Discussion of tectonic reconstruction
According to our tectonic reconstruction, shortening 
rates within the Lower Helvetic domain were relatively 
constant (1 mm/year) between 25 Ma and present. Exhu-
mation rates > 1 mm/year are estimated for the time 
interval between 22 Ma and 14 Ma during D3 reverse 
faulting. During subsequent D4 (12 Ma to present), exhu-
mation rates decreased to a mean value of 0.5 mm/year. 
For the time span between 16  Ma and present, these 
exhumation rates are in good agreement with Glotzbach 
et al. (2010) and with inverse model results presented in 
Nibourel (2019). Rosenberg et al. (2015) estimated exhu-
mation rates of 0.8 mm/year for the Gotthard nappe/Aar 
Massif, averaged over the past 30  Ma. Detrital thermo-
chronology studies suggest steady exhumation since at 
least 15 Ma at rates between 0.4 and 1 mm/year for the 
Lepontine area (e.g., Bernet et al. 2001; Glotzbach et al. 
2011a). Exhumation estimates from this study are similar 
or higher than estimates from other, mostly thermochro-
nology-based studies. This discrepancy could arise from 
the fact that thermochronology based studies generally 
cannot capture early stages of exhumation (i.e., exhuma-
tion between peak metamorphic conditions and the first 
reset thermochronometer).
The estimated 27  km of massif-internal shortening 
are in good agreement with Rosenberg et al. (2015) and 
Schmid et  al. (1996). In the western Aar Massif, Bur-
khard (1988) and Bellahsen et al. (2014) estimated more 
than twice the amount of shortening (69 km). This large 
discrepancy arises mainly from the interpretation of all 
shear zones as shallow dipping thrusts (Burkhard 1988).
The Jungfrau syncline and the Doldenhorn nappe in the 
western Aar Massif (Krayenbuhl and Steck 2009) have 
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many similarities to the Windgällen-Färnigen zone. Both 
zones are related to an inherited normal fault and an asso-
ciated half-graben. These half grabens were inverted dur-
ing an early phase of NNW-vergent basement-involved 
shearing, bringing the crystalline basement on top of 
what is referred to as the Gastern Massif in the west and 
the northern Aar Massif in our study area, respectively 
(Fig. 3b, c). In the western Aar Massif, this early inversion 
and juxtaposition (D2 in this study) is referred to as Kien-
tal phase (Burkhard 1988; Mair et al. 2018, Table 1). The 
reorientation and southward steepening of the Jungfrau 
syncline/Doldenhorn nappe and associated early folia-
tions are explained by a passive backward rotation in the 
hanging wall to younger structures due to an in sequence 
development (Krayenbuhl and Steck 2009). According 
to Burkhard (1988), the uplift of the Gastern Massif and 
the related exhumation and tilting of the Aar Massif in its 
hinterland are summarized as Grindelwald phase, which 
corresponds to D3 in our study area. Our observations 
demonstrate that D3 shear zones of the Massif-internal 
regions were steep already at inception with very minor 
subsequent back-rotation (see also Herwegh et al. 2017), 
which is in contrast to the above interpretation.
In the central Aar Massif, steep to sub-vertical Handegg 
phase reverse faults are described as the first discernible 
Alpine deformation structures (e.g., Wehrens et al. 2017, 
see also Table  1). These faults correlate with D3 struc-
tures in our study area. In contrast, Labhart (1966) and 
Mair et al. (2018) described moderately steep pre-D3 (or 
pre-Handegg phase) foliations in the Mesozoic sediment 
wedges of the northern Aar Massif front, very similar to 
what we described as S2 in this study. Pre-Handegg phase 
structures likely also exist in the central Aar Massif, but 
cannot be recognised in the crystalline basement.
The post-D3 structural development in the study area 
is very similar to what is known from the central Aar 
Massif (e.g., Wehrens et al. 2017). At the northern massif 
front, D4 shallow dipping thrusts represent the equiva-
lent to what is known as Pfaffenchopf phase structures in 
the central Aar Massif and the Jungfrau area (Herwegh 
et  al. 2020; Mair et  al. 2018, Table  1). Massif-internally, 
D4 structures of the study area are dominated by oblique 
to strike-slip shear zones, which is equivalent to what is 
referred to as Oberaar phase in the central Aar Massif 
(Wehrens et al. 2017, Table 1). However, the abundance 
of strike-slip faults and associated displacements gradu-
ally decrease towards the eastern Aar Massif. This is in 
contrast to the southern domains of the central and west-
ern Aar Massif, where oblique to strike-slip faults locally 
dominate the structural appearance (e.g., Steck 1968; 
Wehrens et al. 2017). This W-E decrease could be due to 
a kinematic link between the central/western Aar Massif 
and the Simplon-Rhône fault system. Furthermore, given 
their E-W strike, many dextral strike-slip faults, which 
dominate in the Grimsel area, may join the Urseren-
Garvera or Clavaniev zones already west of Andermatt 
(Figs. 1, 2 and 3; Egli et al. 2018; Rolland et al. 2009; Weh-
rens et  al. 2017). This hypothesis is also supported by 
dextral strike-slip movements along the Clavaniev zone 
(e.g., Gisler 2018) and associated K–Ar ages (10–14 Ma, 
Pleuger et  al. 2012), which are similar to the age esti-
mated for Oberaar phase structures in the central Aar 
Massif (Bergemann 2017; Berger et  al. 2017b; Rolland 
et al. 2009).
East of the study area, the main Alpine foliation and 
associated sub-parallel shear zones are referred to as 
Calanda phase structures (Milnes and Pfiffner 1977). 
Milnes and Pfiffner (1977) proposed a late Oligocene age 
for the Calanda phase, mostly based on relative age con-
straints. Calanda phase deformation coincided with peak 
metamorphic temperatures, as indicated by syn- to post-
kinematic chloritoid crystals (Milnes and Pfiffner 1977). 
The age of peak metamorphism in this area was dated at 
18–24 Ma, based on K-Ar ages on illite (Frey et al. 1974; 
Milnes and Pfiffner 1977). According to Milnes and 
Pfiffner (1977), the Calanda phase foliation is character-
ised by a pronounced southward and downward steepen-
ing, similar to what we observed for D2 (and partly D3) 
in our study area. The Calanda phase foliation is over-
printed by a steeper SSE dipping crenulation cleavage 
(Ruchi phase, Milnes and Pfiffner 1977), which appears 
to be related to movements along the basal Helvetic 
thrust. The Calanda and Ruchi phases involve basement 
and cover units (Milnes and Pfiffner 1977). Based on the 
above equivocal age and geometrical constraints, we cor-
relate the Calanda phase with D2 (Table  1). The Ruchi 
phase is correlated with D3, which is always steeper than 
D2 and commonly forms a crenulation cleavage. How-
ever, in the absence of clear age constraints, this correla-
tion mostly based on geometrical considerations remains 
unsure (Milnes and Pfiffner 1977).
The thermo-kinematic evolution of the Mont Blanc 
- Aiguilles Rouges Massifs, shows a number of similari-
ties with the evolution of the Aar Massif, but also some 
differences (Boutoux et  al. 2016). Girault et  al. (2020) 
found significant peak metamorphic and retrograde 
deformation in the Lower Helvetic Doldenhorn (western 
Aar Massif ) and Morcles (eastern Mont Blanc - Aiguilles 
Rouges Massifs) nappes. In the Mont Blanc and Aiguilles 
Rouges Massifs, massif-internal deformation appears to 
mostly coincide with the thermal peak, which persisted 
for 5–10 Myrs (Boutoux et al. 2016). This is in contrast to 
the Aar Massif where most of the deformation occurred 
after the thermal peak and where the thermal peak lasted 
for about 5 Myrs (southern Aar Massif ). Indications for 
a longer duration of the thermal peak are found in the 
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northern Aar Massif (Herwegh et  al. 2020; Nibourel 
2019).
We observe a distinct deformation sequence starting 
with basement-involved prograde to peak metamorphic 
thrusting (D2), followed by reverse fault-dominated per-
vasive massif-internal deformation during and after the 
thermal peak (D3), and finally the exhumation of the 
massif in the hanging wall of frontal crustal ramps (D4). 
Similar observations were reported from other ECMs 
(e.g., Bellahsen et al. 2012; Boutoux et al. 2016) and oro-
gens (i.e., Scandinavian Caledonides, Torgersen et  al. 
2018) suggesting that this is characteristic for the kin-
ematic evolution of late-stage orogens. The geodynamic 
framework and associated temperature distribution 
emerge as first order parameters controlling the deforma-
tion style. Structural observations indicate a weak rheo-
logical contrast between basement and cover units at 
greenschist facies conditions. Although inherited normal 
faults were not significantly reactivated, they dictated the 
position of compressional deformation, which preferen-
tially localised below rift-related basins. A similar mecha-
nism is described in Bauville and Schmalholz (2015) and 
Krayenbuhl and Steck (2009).
6  Conclusions
This study demonstrates that RSCM peak temperature 
data, coupled with detailed structural analyses and inde-
pendent age constraints, can be used to quantify vertical 
and horizontal components of collisional deformation 
and to study the mechanical behavior of basement and 
cover units during the late-stage orogenic evolution.
The future Aar Massif was buried to depths up to 20 km 
with minor massif-internal deformation (D1). This clearly 
prograde deformation only affected the cover of the Aar 
Massif. In the eastern Aar Massif, early prograde to peak 
metamorphic thrusts (D2) caused 7 km of massif-internal 
basement-involved shortening but did not cause signifi-
cant uplift, which is attributed to the low fault dip and to 
ongoing underthrusting in the footwall to the basal Hel-
vetic thrust. At peak temperature conditions ( ∼ 20 Ma), 
top basement and the overlying basal Helvetic thrust 
were dipping 10◦ − 15◦ to the SSE as highligthed by a 
sub-linear trend of retrodeformed and depth-converted 
Tp data increasing from 250 ◦C in the north to more than 
500 ◦C in the Urseren-Garvera zone. D3 ( ∼  22–14  Ma) 
was dominated by steep to sub-vertical ductile basement 
shear zones. These reverse faults bend peak metamor-
phic isograds at the massif scale, and across major shear 
zones, thus indicating mostly post-metamorphic defor-
mation. Field investigations show that D3 shear zones 
were steep already at inception. Reverse S-block up dom-
inated movements along these shear zones caused rapid 
( ∼ 1.4mm/year ) and highly localised exhumation, which 
produced the characteristic massif-internal top basement 
geometry. After 14  Ma (D4), the Aar Massif continued 
to exhume at slower rates ( ∼ 0.5mm/year ) in the hang-
ing wall of frontal crustal ramps for which we estimate a 
dip of 15◦ − 30◦ . D4 structures are clearly retrograde, as 
highlighted by their more brittle and discrete appearance 
and by discrete Tp jumps across major structures such as 
the Pfaffenchopf thrust array. Overall, estimated shorten-
ing rates remained relatively constant ( ∼ 0.5mm/year ) 
through the last 25 Ma of Aar Massif deformation.
We observe a distinct change in structural style 
between the northern Aar Massif ( Tp < 300 ◦C ), where 
thrusts dominate the structural appearance and the 
southern Aar Massif ( Tp > 330 ◦C ), where steep reverse 
faults are the dominant structural element. In contrast 
to early prograde (D2) and late retrograde (D4) thrusts, 
peak- to post-metamorphic D3 reverse faults appear to 
have initiated at a much higher dip angle ( > 50◦ ). Inher-
ited normal faults were not significantly reactivated. 
Instead, D3 shear zones developed in the basement below 
inherited rift-basins and at an acute angle ( 5◦ − 20◦ ) to 
the basin-bounding normal faults. The sedimentary 
cover was disharmonically folded, but mostly remained 
attached to its crystalline substratum. Altogether, these 
observations point to a decreasing rheological con-
trast between relatively strong basement units and rela-
tively weak cover units and inherited normal faults with 
increasing temperature conditions, especially above tem-
peratures of 330 ◦C . Although deformation is certainly 
driven by relative convergence or buoyancy forces, tem-
perature appears to control the timing and style (shear 
zone dip) of basement-involved deformation, while 
inherited rift-basins dictate the position where thick-
skinned deformation will initiate. Such an evolution 
appears to be characteristic for late-stage orogens.
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